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ABSTRACT 


Hot  corrosion  (sulfidation)  in  gas  turbine  engines  has  become  a  major 
problem  because  of  the  increased  use  of  alloys  low  in  chromium  and  the  operation 
in  environments  containing  alkali  metal  salts,  especially  near  sea  water. 

The  mechanism  of  attack  is  understood  to  some  extent,  but  more  work  is 
needed.  It  is  clear  that  sodium  and  other  alkali  metal  salts  are  involved.  Sodium 
sulfate  is  ingested  with  the  combustion  air  or  formed  from  the  sulfur  in  the  fuel, 
and  reacts  with  the  metal  oxide  scale  acting  as  an  Na20  "sink”  to  form  a  complex 
sodium  salt.  After  scale  breakdown,  sodium  sulfate  may  attack  the  underlying 
metal,  forming  sulfides.  The  presence  of  NaCl  in  the  gas  and  a  liquid  salt  film 
seem  to  be  required  for  accelerated  attack.  Coatings,  alloy  modification,  and 
additives  to  the  fuel  all  help  alleviate  the  immediate  problem.  Alloy  development, 
dispersion  hardened  and  fiber  strengthened  alloys,  and  rare  earth  additions  to 
superalloys  may  offer  longer-range  solutions.  Target  performance  properties 
are  needed  to  focus  the  future  research  and  development  work. 

Sulfur  can  enter  a  gas  turbine  from  the  fuel,  and  chloride  and  sulfate  salts 
from  the  air.  There  is  little  prospect  for  removal  of  these  contaminants  to  such 
a  degree  as  to  eliminate  the  problem.  However,  from  10  to  75%  of  sea  salt  can  be 
removed  from  the  air  intake  to  retard  the  attack.  Data  on  tolerable  levels  of  con¬ 
taminants  are  needed. 

Engine  testing  is  still  the  only  reliable  evaluation  method  to  check  im¬ 
provements  in  the  hot  corrosion  resistance  of  materials.  Test  rigs  are  commonly 
used  for  a  preliminary  evaluation  of  hot  corrosion  resistance.  Reproducibility  in 
test  results  from  test  rigs  in  different  laboratories  is  very  poor,  and  further  effort 
toward  test  rig  standardization,  correlation  of  the  data  between  different  tests,  and 
interpolation  of  tests  results  and  extension  to  different  testing  conditions,  all  are 
needed. 

Specific  recommendations  for  attacking  the  hot  r  jrrosion  problem  are 
detailed  in  the  report. 
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I.  INTRODUCTION 


The  Problem 

As  temperatures  in  the  turbine  section  of  gas  turbine  engines  have 
increased,  an  increasing  amount  of  environmental  attack  has  been  encountered  in 
the  superalloy  parts.  Operational  personnel  generally  have  ascribed  the  problem 
to  hot  corrosion  or  sulfidation,  whereas  the  real  problem  may  have  been  excessive 
oxidation  due  to  overtemperature.  For  whatever  cause,  the  results  of  this  attack 
penalizes  engine  performance  by  a  severe  restriction  in  operating  life. 

The  major  limitation  on  turbine  inlet  temperature  is  the  strength  of  the 
turbine  rotor-blade  and  stator-vane  materials.  There  have  been  major  improve¬ 
ments  in  the  high-temperature  strengths  of  these  materials,  primarily  through 
the  use  of  strong  casting  alloys,  hardened  by  a  substantial  volume  fraction  of  the 
coherent  y' precipitate,  (Ni,  Coj^Al,  Ti).  However,  the  major  means  for  achiev¬ 
ing  higher  gas  temperatures  in  the  turbine  is  through  the  use  of  air  cooling,  where¬ 
by  a  small  percentage  of  the  inlet  air  is  diverted  through  cooling  passages  in  the 
hot  turbine  blading  and  vanes.  Through  this  means,  the  temperature  of  these 
parts  is  lowered  about  400-500°F  (222-288°C)  below  the  gas  temperature  to  the 
point  where  their  strength  capability  is  sufficient. 

Up  to  the  present  time,  corrosion  and  oxidation  resistance  have  not 
been  design  considerations  in  aircraft  gas  turbine  material  selection  other  than 
that  the  materials  resist  the  environment,  which  superalloys  containing  about  20% 
chromium  do  adequately  up  to  the  temperature  at  which  strength  is  maintained, 
about  1650°F  (899°C).  However,  the  development  of  the  stronger  gas  turbine 
alloys  was  facilitated  by  a  reduction  in  chromium  content  to  about  10%  chromium, 
to  permit  an  increased  amount  of  y'  hardening  from  increased  contents  of  aluminum 
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and  titanium.  The  high  aluminum  content  maintained  the  oxidation  resistance  but 
not  sulfidation  resistance  equivalent  to  the  higher  chromium  content. 

Hot  corrosion  is  an  accelerated  oxidation  in  the  presence  of  NaCl  and 
Na  SO  usually  due  to  operation  in  marine  environments.  It  also  includes  attack 
by  lead  vanadium  and  other  fuel  contaminants.  The  reduced  oxidation  and  hot 
corrosion  resistance  has  beer  combated  by  coating  the  hot  components  with 
aluminide-type  coatings.  The  coating  procedure  entails  additional  expense  and 
a  problem  with  reliability  compared  with  the  former  situation  where  uncoated 
alloys  with  adequate  oxidation  and  corrosion  resistance  were  operated  at  lower 
gas  temperatures. 

i 

The  Committee 

The  Department  of  Defense,  recognizing  the  seriousness  of  the  hot 
corrosion  problem,  asked  the  National  Research  Council  to  organize  a  committee 
to  review  the  problem.  The  Committee,  which  was  assembled  by  the  National 
Materials  Advisory  Board,  is  shown  on  page  iii.  Members  of  the  Committee, 
acting  as  individuals  and  not  as  representatives  of  their  employers,  contributed 
their  services.  The  Committee  reflected  varying  viewpoints  ranging  from  basic 
researchers  to  those  of  stationary  and  aircraft  gas  turbine  manufacturers. 

Method  of  Operation 

After  initially  considering  their  individual  positions  and  viewpoints  on 
the  problem,  the  Committee  divided  their  consideration  into  four  areas : 
mechanisms,  materials  development,  environmental  effects,  and  testing  and 
evaluation,  each  of  which  was  assigned  to  a  subgroup.  The  remainder  of  this 
report  comprises  the  findings  of  the  four  subgroups,  followed  by  overall  conclu¬ 
sions  and  recommendations. 
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II.  MECHANISMS 


Introduction 


In  this  entire  report,  emphasis  has  been  placed  on  "hot  corrosion"  or 
"sulfidation"  of  superalloys,  as  opposed  to  their  oxidation,  because  this  type  of 
reaction  is  a  matter  of  the  most  immediate  concern  and  study  in  current  engine 
service.  The  subject  of  hot  corrosion  is  discussed  first. 


It  is  generally  agreed  that  the  basic  corrosion  attack  occurring  in  "hot 
corrosion"  or  "sulfidation"  is  oxidation  which  occurs  in  a  very  rapid  or  near- 
catastrophic  manner  because  of  the  disruption  caused  by  the  existence  of  a  salt 
film  of  the  normally  protective  scale.  In  addition,  sulfides  form  inside  the  sur¬ 
face  grains  and  sometimes  deep  along  grain  boundaries  to  cause  serious  degrada¬ 
tion  of  structural  integrity  of  the  alloy. 


As  has  been  pointed  out  in  many  publications  (see,  for  example,  the 
recent  ASTM  Symposium  1  on  this  subject),  the  immediate  agent  responsible  for 
hot  corrosion  in  aircraft  engines  is  Na  SO  ,  which  forms  from  chemical  reactions 

&  t: 

taking  place  between  NaCl  in  sea  air  and  sulfur  in  the  fuel,  as  well  as  from  the 

appreciable  content  of  Na  SO„  in  sea  air.  There  is  also  evidence  that  NaCl-Na„SO„ 

mixtures  are  more  corrosive  than  Na2S04  alone.  While  the  same  type  of  hot 

corrosion  attack  has  been  observed  in  stainless  steels  subjected  to  SO  atmos- 
o  “ 

pheres  ,  attention  here  is  focused  on  the  problem  caused  by  Na  SO  in  aircraft 

u  t: 

jet  engines  and  marine  gas  turbines. 


DeCrescente  and  Bornstein  have  shown  that  Na  SO  must  be  present 

u  t: 

on  the  attacked  surface  as  a  condensed  phase,  ordinarily  a  liquid,  to  cause  hot 
corrosion.  Na_SO,  vapor  aid  not  cause  hot  corrosion.  For  this  reason,  most 
investigations  have  found  that  for  pressures  near  atmospheric  this  accelerated 
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attack  occurs  over  the  temperature  range  of  about  1400-1900°F.  In  qualitative 
agreement  with  the  effect  of  pressure  on  the  dew  point  of  Na  SO  ,  the  temperature 
range  of  attack  is  increased  with  higher  total  pressures. 

There  has  been  comparatively  little  work  aimed  at  understanding  the 
mechanism  of  oxidation  as  altered  by  the  presence  of  contaminants  such  as  salts 
like  Na  SO  ,  NaCl,  or  low-melting  oxides  such  as  VO.  These  materials  can 

Z  4  Z  D 

form  liquid  slags  and  hence  cause  catastrophic  oxidation  by  virtue  of  removal  of 
protective  scales.  This  field  of  high  temperature  corrosion  has  recently  been 

3 

reviewed  by  Hancock.  In  this  review,  nearly  all  the  investigations  reported 
were  concerned  with  examination  of  field-returned  samples  or  with  attempts  in 
the  laboratory  to  make  high-temperature  corrosion  tests  which  essentially  dupli¬ 
cated  field  conditions.  Very  little  work  aimed  at  elucidating  mechanisms  has  been 
reported,  particularly  in  simple  systems  amenable  to  scientific  analysis. 

A.  Hot  Corrosion  Attack 

Characteristics 

The  alloys  of  main  concern  here  are  used  as  first-  or  second-stage 
blades  and  vanes  in  aircraft  engines,  and  are  the  nickel-base  superalloys  con¬ 
taining  typically  6-22%  Cr,  0-26%o  Co,  1-10%  of  either  Ta,  Mo  or  W,  0-6%  Al, 
0-5%  Ti,  and  small  fractional  percentages  of  carbon  and  other  elements.  A 
sample  showing  severe  hot  corrosion  attack  exhibits  a  heavy  surface  layer  of 
oxides,  and  just  below  this  layer,  oxides  intermingled  with  alloy-depleted  nickel 
matrix,  and  below  this  level,  chromium  sulfide  particles  which  may  contain 
appreciable  percentages  of  Ni,  Co,  Al,  Ti,  and  refractory  metals.  As  corrosion 
proceeds,  the  chromium  sulfides  are  converted  to  oxide  with  the  sulfur  atoms 
thus  released  diffusing  more  deeply  into  the  alloy  to  form  more  sulfides.  The 
alloy  matrix  surrounding  the  chromium  sulfides  is  depleted  in  chromium  to  an 
appreciable  extent  and  would  be  expected  to  oxidize  more  readily  than  the  original 
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alloy.  However,  this  effect  is  considered  to  be  of  less  importance  than  the  rapid 
oxidation  attack  proceeding  at  the  oxide/alloy  interface  because  the  oxide  scale 
fails  to  act  as  a  diffusion  barrier,  as  would  occur  in  normal  air  oxidation.  Chro¬ 
mium  sulfides  both  in  grains  and  in  grain  boundaries  cause  loss  of  structural 
integrity,  and  in  cases  where  such  sulfides  are  formed  deeply  along  grain  bound¬ 
aries,  a  severe  reduction  in  mechanical  properties  results.  Such  reductions  in 
mechanical  properties  are  particularly  severe  in  blades,  which  are  highly  stressed 
as  compared  to  vanes. 

Some  recent  hot  corrosion  experiments  on  a  variety  of  alloys  appear 

g 

to  confirm  the  original  suggestion  of  Simons  et  al  ,  that  the  catastrophic  nature 
of  the  corrosion  attack  involves  rapid  oxidation  of  Ni  S  /Ni  eutectic  liquid.  This 

u  Z 

liquid  usually  is  short-lived,  and  may  not  be  visible  in  an  alloy  cooled  to  room 

temperature  because  of  the  displacement  reaction  (7)  (see  below).  On  the  other 

o 

hand,  Bornstein  and  DeCrescente"  have  found  that  oxidation  attack  of  several 
different  alloys  in  the  presence  of  NaNG  salt  closely  simulates  that  for  NaSO 

Z  4 

attack.  The  conclusion  reached  is  that  sulfur  and  "alloy  depletion"  are  not  the 
important  aspects  of  hot  corrosion,  compared  to  the  presence  of  sodium  com¬ 
pounds. 

Hot-corrosion  resistance  can  be  achieved  by  preventing  attack  by  the 
salt  of  the  initial  oxide  layer  on  the  alloy.  This  salt-oxide  reaction  will  be 
considered  first. 

Scale  -  Salt  Interaction 

Since  Na  SO  is  a  very  stable  compound  there  is  very  little  thermal 

Z  4 

decomposition  of  Na  SO  according  to  the  following  reaction: 

Z  i 

Na2S04  =  Na20  +  S02  +  ^ 


(1) 
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However,  if  there  is  available  an  Na20  "sink"  which  effectively  retains  an  Na20 
activity  well  below  unity  (which  is  assumed  by  equation  1),  then  Na  SO  can 

Lt  T: 

continually  decompose.  Formation  of  complex  oxides  involving  Na  O  and  oxides 
normally  present  in  the  oxide  scale,  such  as  Cr  O  ,  A1  O  ,  SiO  ,  or  WO  ,  can 

.  Li  O  Li  O  U  O 

4 

serve  as  sinks  for  the  Na  O  by  such  reactions  as: 

2  J 

2Na2S04  +  Cr203  +  ^  -*  2^0x0^  +  2SC>2  (2) 

Experimental  corroboration  of  Na  O-oxide  interaction  has  been  observed  by 

5  " 

Bergman  and  Kaufman^  who  found  X-ray  diffraction  patterns  for  sodium  tungstate, 
sodium  tantalate,  and  sodium  titanate  in  corrosion  products  on  hot-corroded 
superalloys.  Similarly  an  NiO  scale  breakdown  by  Na  SO  would  occur  according 

Li  fr 

to  the  following  reaction: 

Na  SO  +  2NiO  =  2Na  NiO  +  SO  (3) 

2  4  Li  Li 

6 

NaNiO  has  been  reported  by  Bornstein.  Alternatively  NiO  may  break  down 

Li 

according  to  the  following  reaction: 

Na  SO  +  NiO  =  (Na  O  in  NiO)  +  SO  +  |0  (4) 

Li  4  Li  Li  Li 

A  combination  of  both  reactions,  (3)  and  (4),  may  be  operative.  That  NiO  can 

1  4 

dissolve  some  Na  O  has  been  suggested  by  Danek,  and  Quets  and  Dresher. 

The  actual  mechanism  of  scale  breakdown  is  probably  more  complex  than  that 
suggested,  but  it  seems  obvious  that,  for  an  understanding  of  the  hot  corrosion 
mechanism,  the  area  of  salt/oxide  interactions  should  be  carefully  investigated. 

Although  they  have  not  as  yet  developed  a  detailed  theory,  DeCrescente 

7 

and  Bornstein  indicate  from  their  work  on  molten  salts  (EMF  measurements  and 

SO  evolution)  that  they  have  evidence  that  the  presence  of  oxides  such  as  Cr  O 
«  2  3 

on  an  alloy  reduces  the  Na  O  concentration  by  formation  of  Na  CrO  and  thus 

2  2  4 

lessens  hot  corrosion  attack. 
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Alloy-Salt  Interaction 

Once  the  oxide  scale  has  been  penetrated,  the  next  stage  of  attack  is 

reaction  between  condensed  Na„SO,  or  Na  SO  -NaCl  and  the  alloy  itself.  Various 

2  4  2  4  8 

investigators  have  suggested  reactions  based  on  the  early  work  of  Simons  ,  who 
suggested  a  reaction  equivalent  to  the  ic -lowing: 

4M  +  Na  SO  =  Na  O  +  3MO  +  MS.  (5) 

4 

However,  Quets  and  Dresher  have  shown  by  the  use  of  Pourbaix-Ellingham 

diagrams  that  pure  Na  O,  which  has  been  considered  as  an  important  product  of 

z 

the  hot  corrosion  attack  by  Na.SO  ,  cannot  exist  at  unit  activity  with  the  products 

Ni  S  ,  NiS  or  CrS  as  would  be  required  by  equation  (5).  For  this  reason,  equation 
o  z 

(5)  must  be  modified  for  both  the  case  of  M  =  Ni  or  M  =  Cr.  If  the  NagSO^  reacts 
with  the  metal  to  form  a  ternary  sodium  oxide  and  binary  sulfide,  a  modified 
reaction  becomes  possible: 

xM  +  Na  SO  =  Na„M  O,  +  M  S  (6) 

2  4  2  y  4  (x-y) 

In  support  of  this  mechanism,  the  stabilities  of  the  ternary  sodium  oxides  extend 

to  much  higher  values  of  P  than  those  for  pure  Na  O. 

2 

This  mechanism  is  very  similar  to  the  one  proposed  for  the  oxide 
scale  breakdown.  However,  since  the  reaction  occurs  at  the  metal-scale  inter¬ 
face,  its  oxygen  potential  is  set  by  that  interface.  During  sulifidization,  the 
oxygen  potential  at  the  metal-scale  interface  should  be  approximately  the  same 
as  for  a  Ni-NiO  interface  because  of  the  chromium  depletion  in  the  alloy.  For 
the  formation  of  a  ternary  sodium  salt,  the  sulfur  potential  is  high  enough  to 
allow  the  formation  of  nickel  sulfides.  However,  due  to  the  displacement  reaction 


Cr 


(in  alloy) 


+  NiS  =  CrS  +  Ni 


(in  alley) 


(7) 


NiS  should  be  reduced  by  the  matrix  chromium  to  form  the  more  stable  chromium 
sulfide.  But  if  the  chromium  content  in  the  alloy  is  rather  low,  reaction  (7)  does 
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not  occur  rapidly  or  completely  enough  to  reduce  all  the  NiS.  Therefore,  in 
severe  cases  of  hot  corrosion,  NiS  (actually  Ni  S  on  cooling  to  room  tempera- 
ture)  may  be  left  in  the  structure. 

Effect  of  Alloy  Composition* 

As  might  be  expected  for  a  class  of  alloys  with  a  very  complex  and 
widely  variable  composition,  the  individual  effects  of  alloy  components  on  re¬ 
sistance  to  hot  corrosion  is  not  unambiguous.  Certain  generalizations  can  be 
made,  such  as  that  resistant  alloys  usually  contain  fairly  high  chromium  con¬ 
tents,  around  15%  Cr  or  higher.  There  appears  to  be  agreement  that  molybdenum 
is  harmful,  but  the  behavior  of  other  alloying  elements  is  less  consistent,  and 
therefore  not  clearly  established.  Better  understanding  of  compositional  effects 
might  be  obtained  after  some  of  the  scale-Na  SO  and  alloy-Na  SO  interactions 

u  t: 

are  further  elucidated. 

Research  for  Defining  Mechanisms 

The  most  important  areas  for  additional  research  are  the  salt/scale 
and  salt/alloy  interactions  in  the  temperature  range  of  hot  corrosion,  and  oxygen/ 
alloy  interactions  at  higher  temperatures.  Another  area  which  needs  attention 
is  the  stabilities  (thermodynamics)  of  ternary  sodium  oxides. 

Water  vapor,  a  product  of  combustion,  has  not  been  seriously  con¬ 
sidered  thus  far  as  a  corrosion  variable,  but  it  seems  possible  that  water  vapor 
in  the  engine  might  be  significant  in  view  of  the  ability  of  water  vapor  to  cause 
oxidation  at  engine  operation  temperatures.  Further  study  is  indicated. 

7 

The  suggestion  of  DeCrescente  and  Borns tein  ,  that  additions  of  cer¬ 
tain  oxides  affect  the  Na^SO^-alloy  reaction  should  be  investigated  further,  as 

this  obviously  would  be  significant  with  regard  to  the  type  of  corrosion  mechanism 
operating. 

*A  more  detailed  discussion  of  the  effect  of  alloy  composition  of  hot  corrosion  is 
given  in  the  next  section  on  Material  and  Coating  Development. 
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Since  there  is  the  possibility  of  using  vanadium-containing  fuels  in  gas 

turbines  associated  with  ship  propulsion,  V  O  contamination  or  possibly  contam- 

2  5 

ination  by  other  fuel  components  should  be  studied.  Some  work  along  these  lines 

has  already  been  done,  as  shown  in  reference  3,  but  as  in  the  Na  SO  contamina- 

z  *± 

tion  case,  much  more  work  on  mechanisms  remains  to  be  done. 

Closely  associated  with  phenomena  already  mentioned  is  the  question 
of  sulfur  diffusion  along  grain  boundaries  and  in  the  grains  of  nickel-base  super- 
alloys.  This  solid-state  diffusion  process  is  of  prime  importance  in  the  formation 
of  the  chromium  sulfide  inclusions  so  characteristic  of  hot  corrosion.  One  aspect 
that  is  of  considerable  practical  importance  is  to  ascertain  those  conditions  which 
lead  to  excessively  deep  grain  boundary  penetration  by  sulfur.  Like  sulfur,  oxy¬ 
gen  tends  to  concentrate  in  grain  boundaries  and  to  form  internal  oxides  much 
deeper  along  the  alloy  grain  boundaries  than  in  the  bulk  grains. 

Research  on  Reducing  Hot  Corrosion 

There  appear  to  be  four  main  avenues  of  research  aimed  at  reducing 
hot  corrosion  attack. 

Alloy  Composition 

By  comparatively  minor  changes  in  alloy  composition,  it  has 
been  found  that  considerable  improvement  in  hot  corrosion  resistance  is  possible, 
usually  at  a  small  sacrifice  in  high-temperature  strength.  However,  as  increased 
demands  are  made  upon  the  mechanical  capabilities  of  nickel-base  superalloys, 
this  road  to  corrosion  resistance  appears  less  feasible. 

Coatings 

NiAl-type  coatings  are  now  standard  in  military  jet  engines, 
where  the  temperatures  are  somewhat  higher  than  in  commercial  engines. 

Through  coating,  considerable  improvement  in  both  oxidation  resistance  and  hot 
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corrosion  resistance  is  secured.  However,  increased  demands  for  higher  metal 
temperatures  (approaching'  1800°F  (982°C)),  for  longer  times  between  engine  over¬ 
hauls,  and  for  improved  coating  reliability  make  current  coatings  less  and  less 
acceptable.  Research  activity  in  the  coating  field  should  be  continued;  hopefully 
some  research  would  be  aimed  at  the  fundamental  aspects  involved,  such  as 
measurement  of  diffusion  rates  in  moderately  complex  systems. 

Rare  Earth  Additions 

Fractional  percentages  of  rare  earth  metals,  such  as  cerium"^’  1 

lanthanum11,  and  gadolinium11,  have  been  found  to  generally  improve  hot  corrosion 

resistance  in  binary  Ni-Cr  alloys  and  in  superalloys.  Much  of  this  work  has  been 

carried  out  in  laboratory  tests,  often  of  the  simple  "crucible  type,  "  but  the  few 

available  hot  corrosion  tests  in  hot-corrosion  rigs,  simulating  to  some  degree 

actual  engine  tests,  have  shown  marked  improvement.  One  cannot  expect  that 

rare  earth  additions  could  add  more  than  about  1000  hours  of  life  to  jet  engine 

blades  and  vanes.  The  principal  difficulty  with  the  use  of  rare  earth  additions  is 

that  a  low  melting  phase  associated  with  the  Ni_M/Ni  eutectic  (where  M  is  a  rare 

5 

earth)  occurs  to  reduce  high-temperature  strength  properties.  Recent  laboratory 
work,  however,  shows  that  greater  improvements  in  corrosion  resistance  are 
offered  by  rare  earths  when  added  in  oxide  form.  If  verified,  this  fact  may  imply 
a  change  in  processing  techniques  through  which  rare  earths  would  be  present  in 
the  alloy  as  a  well-dispersed  oxide  phase.  Most  important,  theoretical  rationali¬ 
zation  and  understanding  of  the  effect  of  rare  earth  additions  should  be  attempted. 

Fuel  Additives 

This  is  discussed  in  the  section  under  the  heading  of  Environ¬ 
mental  Effects, 
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B.  High-Temperature  Oxidation 

Improved  oxidation  resistance  for  strong  superalloys  is  desirable  in 
blade  applications.  Higher  turbine  inlet  temperatures  could  be  accommodated, 
and  the  requirement  for  coating  constricted  air-cooling  passages  could  be  avoided. 
The  problem  is  complicated  because  a  few  strong  alloys,  such  as  B1900,  have 
excellent  oxidation  resistance  but  suffer  hot  corrosion  attack.  Therefore,  a  sep¬ 
aration  of  the  two  modes  of  attack  is  not  realistic.  In  the  past,  alloy  oxidation 
has  been  a  research  area  with  an  emphasis  on  short-range  improvement  of  exist¬ 
ing  alloy  compositions,  with  the  best  theory  and  experiments  in  alloy  oxidation 
coming  from  other  countries,  namely  Germany,  England,  and  France.  Suggested 
alloy  oxidation  research,  with  only  short  bridges  to  the  improvement  of  commer¬ 
cial  superalloys,  includes: 

a)  the  use  of  radiotracers  and  high  resolution  techniques  to 
establish  the  role  of  rare  earth  and  other  additions  like  Si  and  Mn 
on  binary  and  ternary  alloy  oxidation; 

b)  a  study  of  the  role  of  carbon  in  dissolved  and  combined 
form  in  alloy  oxidation; 

c)  the  role  of  the  commonly  used  strengthening  components, 

W  and  Mo,  in  alloy  oxidation  particularly  for  Co-base  alloys; 

d)  further  attempts  to  study  the  complex  morphology  and 
transport  in  the  metal/ scale  interface  when  combined  internal 
oxidation  and  external  scale  formation  are  occurring; 

e)  further  study  of  the  modes  of  failure  of  external  Cr  O 

2  3 

and  A1  O  scales  and  the  "healing"  processes; 

Ci  u 

f)  specific  studies  relating  the  evaporation  rate  of  Cr  O  to 

u  li 

the  vapor  pressures  of  the  several  vapor  species  for  the  oxide; 

g)  further  studies  of  the  phases  formed  and  the  kinetics  of 
internal  oxidation  of  alloys ; 
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h)  studies  of  the  high-temperature  mechanical  properties 
of  oxides  (i.  e. ,  creep)  and  the  relation  of  these  properties  to  scale 
fracture; 

i)  preferential  grain  boundaiy  attack  in  pure  metals  and 
alloys  and  its  prevention; 

j)  many  of  the  more  fundamental  aspects  of  alloy  oxidation: 
nucleation  of  oxides  on  clean  alloy  surfaces,  doping  effect,  solu¬ 
bilities  and  diffusivities  of  oxygen  in  nickel  and  cobalt,  solubilities 
and  diffusivities  of  aliovalent  impurities  in  simple  oxides,  particu¬ 
larly  CoO,  NiO,  Cr  O  ,  and  A1  0  . 

Ct  O  u  O 
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III.  MATERIAL  AND  COATING  DEVELOPMENT 


Introduction 

Although  there  are  many  types  of  hot  corrosion  which  are  potentially 
of  interest  to  industrial  gas  turbine  producers,  this  portion  of  the  report  will 
only  consider  those  means  that  might  lead  to  the  development  of  improved  sulfi¬ 
dation  and  oxidation-resistant  alloys  for  turbines  operating  on  diesel  quality  or 
better  fuels. 

This  section  will  discuss  the  current  status  of  corrosion-resistant 
cobalt-,  nickel-,  and  iron-base  alloy  developments,  attempt  to  predict  what 
realistic  improvements  can  be  expected  in  the  near  and  distant  future,  and  sug¬ 
gest  areas  for  potentially  fruitful  development  activity. 

A  Committee  on  Coatings  of  the  NMAB  has  made  recommendations1 
regarding  coatings  for  superalloys.  We  are  in  agreement  with  these  recommen¬ 
dations.  The  pertinent  recommendations  of  the  Coatings  Committee  are  con¬ 
tained  in  Appendix  I.  For  this  reason,  coatings  have  not  been  given  detailed 
consideration  in  this  report  except  as  required  to  place  the  need  for  coating 
development  in  perspective  with  the  need  for  alloy  development. 

Current  Status 

In  the  early  1960's,  it  was  apparent  that  the  then-existing  advanced 
alloys  did  not  possess  adequate  sulfidation  resistance  to  permit  long-time  opera¬ 
tion  in  environments  conducive  to  this  type  of  attack.  Hence,  the  gas  turbine 
industry  devoted  considerable  attention  to  coating  development.  Aluminide  coat¬ 
ings  were  found  to  provide  good  corrosion  protection.  However,  as  overhaul 
lives  were  extended,  the  existing  coatings  broke  down  after  several  thousand 
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hours  and  did  not  provide  adequate  protection.  This  was  especially  true  of  those 
alloys  developed  for  maximum  strength  capability,  which  required  compositions 
of  lower  chromium  content. 

It  soon  became  apparent  that  more  inherent  sulfidation  resistance  was 
required  of  turbine  blade  and  nozzle  guide  vane  alloys.  The  Naval  Ships  Systems 
Command  established  a  program  in  1964  with  the  following  objectives: 

1)  Develop  a  turbine  blade  alloy  combining  the  hot  corrosion 
resistance  of  Udimet  500  in  1%  sulfur  diesel  fuel  combustion  products 
with  the  strength  and  ductility  of  alloy  713C  at  1600°F  (100  hr  rupture 
life  at  43, 000  psi). 

2)  Develop  a  cobalt-base  turbine  nozzle  alloy  with  the  1900°F 
strength  of  WI-52  (100  hr  rupture  life  at  10,  000  psi)  but  with  improved 
hot-corrosion  resistance. 

These  targets  were  accepted  by  the  metals  industry,  because,  if  met, 
the  alloy  would  offer  useful  properties  for  all  types  of  turbines.  Soon  several 
alloys  appeared,  such  as  MAR-M-421  (Martin  Metals),  Udimet  710  (Special 
Metals),  EN-738  (The  International  Nickel  Company),  and  more  recently,  MAR- 
M-432  (Martin  Metals).  *  These  met  or  came  close  to  meeting  the  above  targets 
for  blades.  They  are  currently  being  evaluated  by  "he  gas  turbine  industry  and 
one,  MAR-M-421,  is  being  used  in  production.  Several  cobalt-base  alloys  de¬ 
veloped  in  the  Navy-General  Electric  program  meet  the  targets  for  a  cobalt-base 
nozzle  material. 

Extensive  preliminary  studies  conducted  by  several  investigators  on 
simple  all  yy  systems  suggested  that  chromium,  and,  to  a  lesser  extent,  titanium 
and  cobalt  were  the  only  elements  that  contributed  in  a  beneficial  way  to  sulfidation 


^Compositions  of  all  alloys  mentioned  in  this  report  are  contained  in  Table  1. 


COMPOSITIONS  OF  CERTAIN  ALLOYS 
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resistance  of  nickel-base  alloys.  Some  elements,  such  as  tantalum,  were  bene¬ 
ficial  solely  with  regard  to  oxidation  resistance.  Some,  such  as  molybdenum  and 
aluminum,  were  considered  detrimental  to  sulfidation  resistance.  Other  alloying 
elements  were  generally  considered  neutral  or  ineffective.  These  effects  are  not 
necessarily  true  for  more  complex  alloys.  Within  the  last  two  years  it  has  been 
found  that  a  proper  balance  of  elements,  particularly  the  refractory  metals,  can 
substantially  improve  sulfidation  resistance  even  at  relatively  low  chromium 
levels.  For  example,  preliminary  tests  indicate  that  a  new  alloy,  IN-792 
(12.7  Cr),  possesses  nearly  the  corrosion  resistance  of  Udimet  500  (17.5  Cr)  but 
with  roughly  50°F  increased  temperature  capability  (based  on  rupture  strength) 
over  alloy  713C.  It  is  still  under  evaluation  and  has  yet  to  be  proven  for  turbine 
applications.  The  rare  earths,  as  will  be  mentioned  later,  may  also  be  useful. 

While  the  alloys  currently  being  developed  offer  improved  high- 
temperature  capability,  they  do  not  exhibit  a  corresponding  improvement  in 
intermediate  temperature  (1000  -  1500°F)  strength.  Similarly,  alloys  developed 
for  improved  sulfidation  resistance  often  lack  good  high-temperature  oxidation 
resistance,  and,  hence,  may  have  to  be  coated.  Clearly,  therefore,  the  alloy 
developer  must  give  more  consideration  to  achieving  an  optimum  balance  of 
properties. 

Small  evolutionary  improvements  can  be  expected  to  occur  in  nickel- 
and  cobalt-base  alloys,  but  the  lack  of  clearly  defined  requirements  and  markets 
for  future  needs  tends  to  limit  the  support  for  development  work  by  the  alloy 
industry.  An  industry-government  effort  is  needed  to  define  requirements  in 
terms  of  strength,  corrosion  resistance,  and  economics.  Present  generalities 
such  as,  "We  need  an  alloy  that  can  be  used  uncoated  in  place  of  the  coated  alloy 
XXX  which  we  are  now  using,"  is  an  insufficient  base  upon  which  to  establish  an 
objective  alloy  development  program.  This  will  be  particularly  important  in  the 
development  of  fiber  composites  or  dispersion-hardened  alloys.  These  materials 
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will  not  have  the  same  balance  of  properties  with  which  designers  are  familiar. 
What  will  constitute  a  satisfactory  solution  to  the  hot-corrosion  problem  should 
be  stated  in  terms  commensurate  with  prudent  economics.  This  can  be  done  only 
when  the  different  types  of  gas  turbines  are  considered  individually,  because  an 
alloy  adequate  for  one  type  of  service  may  be  completely  inadequate  for  another. 
Some  specific  requirements  of  aircraft  turbine  builders  are  contained  in 
References  3,  4,  and  5. 

Alternate  Approaches 

As  indicated,  prior  efforts  to  improve  the  hot-corrosion  resistance  of 
turbine  blade  and  nozzle  guide  vane  alloys  have  been  largely  in  the  area  of  alloy¬ 
ing  element  modifications  and/or  coating  application.  Alternate  approaches  to 
the  development  of  turbine  blade  and  guide  vane  materials  with  better  corrosion 
resistance/temperature  capability  might  be  possible  if  new  strengthening 
mechanisms  were  evolved,  which  would  permit  the  use  of  base  systems  and/or 
alloying  elements  with  greater  inherent  hot-corrosion  resistance. 

A  number  of  approaches  have  been  considered  for  use  with  nickel- 
cobalt-,  or  iron-base  turbine  blades  and  guide  vanes.  For  the  purpose  of  this 
report,  an  improvement  was  defined  as  a  system  having: 

0  Sulfidation  and  oxidation  resistance  >  Udimet  500 

0  Temperature-strength  capability  for  blades  >  IN-100 

°  Temperature-strength  capability  for  vanes  s  WI-52 

In  order  to  guide  establishment  of  future  development  programs  so 
that  efforts  will  be  concentrated  in  the  most  fruitful  areas,  an  assessment  was 
made  of  the  capability  and  probability  of  each  approach.  "Capability"  was 
considered  as  an  indication  of  the  theoretical  possibilities  that  an  approach 
offers  for  achieving  improvement,  whereas  "Probability"  is  a  realistic  but 
empirical  assessment  of  the  chances  for  realizing  that  capability.  The 
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considerations  were  made  in  keeping  with  current  technology  and  a  realistic 
extrapolation  of  that  capability  into  the  near  future,  i.e. ,  1975.  Results  of  this 
estimation  are  summarized  in  Tables  2  and  3  and  are  discussed  in  the  following 
paragraphs. 

Dispersion  Hardening 

Dispersion  hardening  is  effective  in  strengthening  alloys  at  high  tem¬ 
perature  £>  1600°F)  but  contributes  little  to  low  temperature  (<1600°F)  strength. 
Therefore,  a  useful  blade  material  must  combine  dispersion-hardening  with  some 
other  strengthening  mechanisms  such  as  precipitation-hardening  or  thermo¬ 
mechanical  processing.  Vanes  do  not  require  such  great  strength  as  blades.  An 

insoluble  dispersion,  therefore,  may  effectively  improve  the  high  temperature, 
corrosion  resistance  of  vane  alloys. 

1)  Cobalt-Base  Turbine  Blades  -  There  is  no  known 
strengthening  mechanism  which  will  impart  sufficient  low  temperature 
strength  to  cobalt  for  application  in  advanced  turbine  blading,  and, 

-  hence,  this  is  not  considered  a  worthwhile  approach. 

2)  Cobalt-Base  Vanes  -  Existing  cobalt-base  alloys  possess 
adequate  strength  for  vanes  and,  hence,  addition  of  an  insoluble  dis¬ 
persant,  such  as  rare  earth  oxides,  could  improve  temperature 
capability  and/or  high  temperature  corrosion  resistance.  Techniques 
for  producing  a  dispersion-hardened  complex  alloy  are  not  yet  known. 
However,  simple  Co-Cr-dispersion-hardened  alloys  may  be  useful. 

3)  Nickel-Base  Blades  -  A  dispersion-hardened  nickel-base 
alloy  would  offer  improved  temperature  capability— perhaps  as  much 
as  100°F.  The  use  of  such  an  alloy,  however,  would  necessitate  the 
use  of  wrought  blades.  Since  techniques  for  imparting  dispersion 
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strengthening  to  complex  nickel-base  super-alloys  are  not  yet  known, 
success  will  be  dependent  upon  technical  development.  Addition  of 
small  amounts  of  rare  earth  oxides  may  offer  improved  oxidation 
and/or  sulfidation  resistance. 

4)  Nickel-Base  Vanes  -  The  same  comments  apply  as  under 
nickel-base  "blades"  except  that  vanes  do  not  require  such  high 
strength.  Therefore,  simple  Ni-Cr  dispersion-hardened  alloys  may 
be  useful. 

5)  Iron-Base  Blades  -  Complex  austenitic  iron-base  alloys 
have  good  strength  in  the  lower  temperature  ranges,  but  lack  good 
high-temperature  strength.  Dispersion-hardening  could  improve  high- 
temperature  strength,  but  it  is  unlikely  that  any  advantage  over  a 
dispersion-hardened  nickel-base  alloy  would  be  shown.  Also, 
production  problems  would  be  the  same.  Therefore,  this  possibility 
warrants  little  effort,  especially  since  any  technology  worked  out  for 
applying  effective  dispersion  hardening  to  nickel-base  alloys  could  also 
be  applied  to  iron-base  alloys.  Simple  Fe-Cr  or  Fe-Al  dispersion- 
hardened  alloys  would  not  have  adequate  low-temperature  strength. 

6)  Iron-Base  Vanes  -  The  comments  made  under  number  5 
above  about  complex  austenitic  alloys  also  apply  to  vanes.  However, 
simpler  dispersion  strengthened  iron-base  alloys  may  develop  useful 
properties  for  vanes. 

Fiber  Strengthening 

The  addition  of  strong  metallic  or  nonmetallic  fibers  to  a  weaker 
matrix  can  result  in  composites  with  substantially  improved  strength  over  poly¬ 
crystalline  metals.  Airfoils  produced  by  this  technique  will  probably  be 
expensive  and  probably  difficult  to  inspect  by  NDT  techniques.  Unless  three  - 
dimensional  reinforcement  is  used,  properties  will  be  highly  anistropic. 
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Fiber  strengthening  is  believed  to  offer  a  high  potential  for  increasing 
the  temperature  capability  of  Ni-,  Co-,  and  Fe-base  systems  for  blades  and 
vanes.  It  will  be  difficult  to  produce  fiber-strengthened  airfoils  with  complex 
cooling  passages.  Hence,  the  improved  temperature  capability  may  be  offset  by 
inability  to  utilize  cooling.  The  higher  temperatures  that  would  result  would 
increase  compatibility  problems  between  the  fibers  and  matrix.  Reinforcement 
of  weak  but  highly  corrosion-resistant  matrices  should  result  in  airfoils  with  good 
corrosion  resistance.  A  problem  might  arise,  however,  if  the  fibers  become 
exposed  by  foreign  object  damage. 

The  anticipated  high  cost  of  production  would  probably  make  fiber 
strengthening  an  unacceptable  approach  for  many  types  of  gas  turbines.  This 
combined  with  fiber-matrix  compatibility  problems  are  the  main  reasons  for 
assigning  a  low  probability  for  achieving  success  in  all  systems. 

Fiber  strengthening  must  be  considered  a  long-range  possibility. 

Mechanistic  Studies  of  Rare  Earth  Additions 

It  has  been  demonstrated  that  small  additions  of  rare  earths  and  their 
oxides  substantially  improve  the  hot  corrosion  resistance  of  cobalt-base  and,  to 
a  lesser  extent,  nickel-base  superalloys.  To  date,  these  studies  have  been 
largely  empirical  in  nature.  It  is  thought  that  if  the  mechanism  (e.  g. ,  mechani¬ 
cal  oxide  keying,  increased  melting  point  of  the  sulfate-scale  mixture,  grain 
boundary  stabilization,  site  for  vacancy  annihilation,  etc.)  by  which  rare  earths 
effect  this  improvement  were  known,  it  might  be  possible  to  accentuate  the  effect 
and  gain  further  improvement.  Such  information  could  be  particularly  useful  in 
future  alloy  development  programs. 

It  is  believed  that  a  study  of  this  type  and  application  of  the  knowledge 
gained  in  alloy  development  programs  will  offer  a  high  capability  for  improving 
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cobalt-,  nickel-  and  iron-base  materials  for  vanes  with  a  medium  probability  of 
achieving  success.  It  is  believed  to  offer  a  medium  capability  for  improving 
cobalt-  or  nickel-base  blade  materials  with  a  medium  probability  of  achieving 
success.  Iron-base  materials  are  not  considered  a  worthwhile  approach  because 
current  iron-base  alloys  lack  sufficient  high-temperature  capability. 

This  mechanism  study  might  bear  fruit  in  the  near  future. 

New  Precipitation  Hardening  Mechanisms 

All  commercial  cobalt-base  alloys  rely  upon  solid  solution  strengthen¬ 
ing  or  carbide  hardening  as  there  is  no  known  precipitation  mechanism  which 
imparts  high  strength  combined  with  high  ductility.  Nickel-base  and  austenitic 
iron-base  alloys  can  be  strengthened  by  a  number  of  precipitation  reactions,  but 
only  aluminum-titanium  has  been  found  effective  for  very  high  temperature 
(>  1400°F)  service.  Other  known  precipitates  ripen  or  dissolve  at  temperatures 
too  low  to  be  useful.  Conceivably,  new  precipitation  hardening  systems,  proba¬ 
bly  by  taking  advantage  of  advanced  high  purity  production  techniques,  could  be 
found  to  strengthen  these  alloys  more  effectively. 

New  hardening  mechanisms  must  be  considered  a  long-range  approach. 

1)  Cobalt-Base  Turbine  Blades  -  Cobalt-base  alloys  generally 
possess  adequate  hot-corrosion  resistance  for  blades  but  lack  strength 
in  all  temperature  ranges.  A  precipitation  hardenable  cobalt-base 
alloy  might  overcome  this  deficiency.  This  approach  is  considered  to 
have  medium  capability  potential  but  a  low  probability  of  achieving 
success. 

2)  Cobalt-Base  Vanes  -  The  above  comments  also  apply  to 
vanes  but  a  much  lower  degree  of  strengthening  might  be  realized  and 
be  sufficient  for  vanes. 
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3)  Nickel- Base  Blades  and  Vanes  -  About  the  only  possibility 
is  to  find  an  element(s)  which  would  increase  the  solution  temperature 
for  precipitates  containing  Cb,  Be,  etc.  The  potential  and  chance  of 
success,  on  the  basis  of  past  studies,  must  be  considered  low. 

4)  Iron-Base  Blades  and  Vanes  -  There  is  little  basis  for 
believing  that  a  new  precipitation  mechanism  would  make  iron-base 
blades  or  vanes  useful. 

Intermetallic  Compounds 

Intermetallic  compounds  are  substances  of  high  melting  point  and 
hardness.  Prior  developments  have  indicated  inadequate  elevated  temperature 
strength  and/or  ductility.  New  alloy  production  techniques,  particularly  direc¬ 
tional  solidification,  are  believed  to  offer  possibilities  for  obtaining  useful  prop¬ 
erties.  Another  possibility  would  involve  the  use  of  intermetallic  mixtures 
including  insoluble  dispersoids.  The  uses  considered  in  this  section  are  distinct 
from  the  well-established  applications  as  a  minor  second  phase  in  nickel-base 
alloys ,  or  as  a  protective  coating. 

Intermetallic  compounds  should  be  considered  a  long-range  approach. 

1)  Blades  -  Because  intermetallics  would  not  be  expected  to 
have  good  low  temperatures  (<  1600°F)  mechanical  properties,  this 
approach  is  considered  to  offer  low  capability  for  achieving  improved 
characteristics  for  blade  applications.  The  chances  of  effecting  even 
a  modest  improvement  are  low. 

2)  Vanes  -  Since  low  temperature  mechanical  properties  are 
not  as  critical  for  vanes,  intermetallic  compounds  theoretically  offer 
a  high  capability  for  achieving  a  significant  improvement,  but  the 
chances  for  success  are  low  because  of  ductility  limitations. 


This  is  an  extension  of  current  efforts  to  develop  alloys  with  improved 
properties  by  conventional  alloying  techniques  or  by  development  of  eutectic 
compositions.  These  efforts  will  undoubtedly  be  continued  by  those  skilled  who 
are  in  the  field.  Further  short-range  improvements  can  be  expected.  Those 
who  are  involved  should  be  given  encouragement  to  make  use  of  new  and  future 
production  techniques  such  as  directional  solidification,  dispersion  hardening, 
results  of  rare  earth  mechanism  studies,  etc.  If  deficiencies  in  strength, 
ductility,  or  hot-corrosion  resistance  can  be  overcome  thereby,  a  greater  degree 
of  freedom  or  latitude  in  compositional  possibilities  might  be  provided. 

This  approach  is  believed  to  offer  the  best  short-range  chance  for 
improving  temperature  capability. 

1)  Cobalt-Base  Blades  -  Lack  of  a  system  for  imparting  high- 
temperature  strength  to  cobalt-base  alloys  precludes  any  fruitful 
development  work  being  done. 

2)  Nickel-Base  Blades  -  The  temperature  capability  of 
nickel-base  alloys  has  been  extended  to  a  higher  percentage  of  the 
homologous  melting  point  than  for  any  other  structural  base  metal. 
There  is  little  room  left  for  improvement,  but  the  chances  of  achieving 
at  least  some  further  improvement  in  strength  capability  are  consid¬ 
ered  high.  As  more  is  learned  about  factors  that  influence  hot 
corrosion,  higher  strength  alloys  with  improved  resistance  may  be 
possible.  New  eutectic  compositions  are  believed  to  offer  a  significant 
potential. 

3)  Cobalt-  and  Nickel-Base  Vanes  -  It  is  highly  probable  that 
imprcvements  will  be  made  in  both  base  systems,  but  the  increase  in 
capability  would  be  low. 
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4)  Iron-Base  Blades  and  Vanes  -  Based  on  past  work,  there 
seems  little  hope  for  developing  iron-base  alloys  with  better  tempera¬ 
ture  capability  than  cobalt-  or  nickel-base  alloys. 

Coating  Developments 

Improved  coatings  or  coated  base-metal  systems  with  improved  char¬ 
acteristics  are  required  continually.  It  is  essential  that  coating-base  metal 
compatibility  be  evaluated  early  in  the  development  of  alloys.  If  possible,  alloy 
and  coating  development  should  be  carried  out  concurrently  in  order  to  maximize 
compatibility.  The  reader  is  referred  to  Reference  1  for  recommended  coating 
development  efforts.  Such  effort  is  essential,  because  coatings  will  continue  to 
be  required  for  many  turbine  blade  and  vane  applications,  unless  one  of  the 
foregoing  material  development  approaches  would  result  in  a  complete  solution 
of  the  hot  corrosion  problem,  an  unlikely  possibility. 

Coated  base-metal  systems  offer  the  best  short-range  potential  for 
extending  operating  temperatures  and/or  life. 

Recommendations 

In  making  the  following  recommendations,  the  Subgroup  on  Alloying 
and  Coating  Development  has  not  considered  combinations  of  the  various 
approaches.  Some  combinations,  such  as  fiber  strengthening  of  improved  alloys, 
lead  to  synergistic  effects  which  could  result  in  significant  improvements. 

1)  Establish  meaningful  targets  for  mechanical  and  environ¬ 
mental  performance  of  advanced  gas  turbines.  Represented  viewpoints 
should  include  turbine  producers  and  users  as  well  as  materials 
developers  and  designers. 


2)  Encourage  a  study  of  the  mechanism  of  the  effects  of  rare 
earth  metal  and  oxide  additions  on  the  mechanical  and  corrosion- 
resisting  properties  of  nickel-  and  cobalt-base  alloys. 

3)  Encourage  a  study  of  the  mechanism  of  the  effects  and 
interactions  of  refractory  elements  on  sulfidation/oxidation-resistance 
of  nickel-  and  cobalt-base  alloys. 

4)  Evaluate  the  use  of  dispersion  strengthening  in  conjunction 
with  items  (2)  and  (3)  to  produce  improved  vane  alloys. 

5)  Concurrent  alloy  and  coating  developments  should  be 
carried  on  with  the  objective  of  optimizing  the  coating  to  the  alloy. 

6)  Continue  development  of  fiber  strengthened  composites. 
After  attractive  properties  are  obtained,  emphasis  should  be  placed 

on  the  development  of  fabrication  techniques  which  will  be  economically 
competitive. 
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30 


IV.  ENVIRONMENTAL  EFFECTS 
Introduction 

The  environment  of  the  turbine  engine  is  composed  of  the  combustion 
products  as  well  as  material  carried  with  the  fuel  and/or  air.  The  latter,  for 
example,  could  include  trace  metals  and  sulfur  in  the  fuel  and  sea  salt  in  the  air. 
In  addition,  the  operating  characteristics  of  the  turbine,  namely  pressure, 
temperature,  flow  velocity,  and  time  of  operation,  may  be  considered  environ¬ 
mental.  These  cannot  be  controlled  once  the  thermodynamic  and  duty  cycles  are 
set.  Finally,  there  are  certain  modifications  of  the  turbine  and  its  mode  of 
operation  that  may  result  in  environmental  effects.  It  is  assumed  that  these  are 
subject  at  least  to  partial  control.  They  include  changes  in  the  combustion 
system  to  produce  less  smoke  and  flame  radiation,  the  use  of  fuel  additives,  and 
the  control  of  flow  paths,  reactions,  and  deposit  buildup,  all  of  which  can  effect 
corrosion. 

As  discussed  under  Mechanisms,  contamination  of  air  by  sea  salt  is 
the  primary  cause  of  hot  corrosion  of  both  coated  and  bare  superalloys  in  a 
marine  environment.  Increasing  sea  salt  concentration  increases  the  intensity 
of  corrosive  attack,  sometimes  to  catastrophic  levels.  At  least  in  aircraft 
engines  there  seems  to  be  no  realistic  way  to  remove  salt  completely  from  the 
environment. 


Causes  of  Environmental  Effects 

This  section  discusses  the  individual  factors,  singly  or  in  combination, 
that  may  cause  environmental  effects  leading  to  high-temperature  corrosion  of 
super  alloys. 
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Fuel  and  Its  Contamination 

Whereas  aviation  engines  generally  burn  a  highly  refined  distillate  fuel, 
industrial  turbines  may  burn  any  fuel,  ranging  from  natural  gas  to  heavy  resid¬ 
uals.  Natural  gas  in  this  country  does  not  have  objectionable  contaminants,  but 
in  some  parts  of  the  world  it  may  contain  appreciable  hydrogen  sulfide. 

Similarly,  distillate  oils  as  produced  at  the  refinery  are  quite  free  of  contaminant, 
containing  a  maximum  of  0.  01%  by  weight  of  ash  and  0. 5%  by  weight  of  sulfur. 

JP5  fuel  is  limited  to  0.4%  sulfur.  On  the  other  hand,  residual  oil  may  contain 
excessive  amounts  of  several  objectionable  elements  depending  upon  what  part  of 
the  world  the  crude  came  from  and  the  degree  of  contamination  that  may  have 
occurred  during  shipment.  Among  the  offending  elements  are  vanadium  in  the 
fuel  as  an  oil-soluble  porphyrin,  sodium  which  may  by  partly  sodium  chloride 
introduced  as  sea  water  contaminant  during  shipment,  and  sulfur  which  is  a 
constituent  of  the  fuel.  During  the  combustion  process  in  a  turbine  many  complex 
reactions  take  place  which  may  result  in  the  formation  of  vanadium  pentoxide 
(a  corrosive  compound  in  its  molten  state),  sodium  sulfate  (which  is  both  corro¬ 
sive  and  deposit  forming),  mixtures  of  alkali  sulfates  and  chlorides,  and  complex 
sodium  vanadates  (which  are  lower  melting  and  more  corrosive  than  vanadium 
pentoxide  itself). 

The  specification  of  fuels  for  gas  turbines  is  under  consideration  by 
the  ASTM.  The  absence  of  reliable  test  methods  for  determining  trace  metals 
has  posed  a  problem,  but  the  specification  will  probably  include  those  elements 
which  can  be  reliably  analyzed.  The  specification  is  based  on  requirements  set 
forth  by  manufacturers  and  users  of  gas  turbines.  The  availability  of  fuels 
meeting  these  specifications  has  not  been  established.  Four  grades  of  fuel  have 
been  designated  as  shown  in  Table  4  and  the  accompanying  footnotes.  It  will  be 
noted  that  the  vanadium  content  of  grade  4-GT  can  reach  500  ppm.  There  is  no 
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assurance  that  a  turbine  can  run  with  this  level  of  contaminant,  even  with  mag¬ 
nesium  additions,  without  producing  excessive  deposit  buildup  on  the  blades. 
Similarly,  it  is  not  certain  that  turbines  will  run  for  extended  periods  with 
untreated  fuel  containing  as  much  as  5  ppm  sodium  and  2  ppm  vanadium. 

The  U.  S.  Navy  is  currently  considering  the  use  of  a  multipurpose 
distillate  fuel  for  marine  gas  turbines.  This  fuel  would  be  used  both  for  boilers 
and  gas  turbines.  It  offers  significant  improvement  in  fuel  purity  for  boilers 
which  have  been  operating  on  residual  oil,  but  is  a  less-pure  fuel  for  gas 
turbines.  The  permitted  vanadium  level  is  2  ppm  corresponding  to  the  ASTM 
grades  of  GT-1  and  GT-2.  However,  the  sulfur  level  permitted  is  much  higher, 
being  up  to  1.3%.  The  ash  level  also  corresponds  to  the  light  ASTM  GT  grades. 
Work  will  be  necessary  to  determine  whether  or  not  the  multipurpose  fuel  will 
be  practical  for  marine  gas  turbines. 

Contamination  of  Fuel 

Fuel  contamination  may  be  a  serious  problem,  because  all  the  foreign 
material  is  injected  into  the  high-temperature  regiou  of  the  combustor.  Cases 
have  been  cited  in  which  sufficient  residual  oil  mixed  with  the  distillate  fuel 
resulted  in  severe  corrosion  in  about  100  hours.  Sea  water  contamination  also 
is  serious.  Sea  water  in  diesel  fuel  may  amount  to  10  ppm  salt  expressed  as 
sodium.  After  settling  and  coalescing  this  level  may  drop  to  0.  6  ppm.  Care  in 
the  storage  and  handling  of  fuels  is  therefore  indicated,  but  experience  has 
shown  that  present  standards  of  fuel  cleanliness  are  unsatisfactory. 

Trace  Elements  in  Fuel 

Vanadium  and  sodium  are  two  metals  in  fuel  which  are  the  most 
critical  so  far  as  corrosion  is  concerned.  Vanadium  is  likely  to  occur  only  in 


less-refined  fuels  or  from  contamination.  The  field  of  fuel  treatment  has  been 
investigated  quite  thoroughly  during  the  past  15  years.  If  treatment  is  not 
employed,  turbines  must  be  operated  at  lowered  firing  temperature,  with  a 
penalty  in  performance.  Treatments  consist  of  removal  of  sodium  and  c-’  er 
water-soluble  compounds  by  washing  and  centrifuging,  or  by  coalescing  and 
settling.  Vanadium  being  in  an  oil  soluble  form  is  not  easily  removed  and  is 
treated  by  combination  with  an  additive,  such  as  magnesium  or  magnesium  plus 
silicon.  These  additions  form  high-melting,  noncorrosive  and  nondeposit¬ 
forming  compounds,  which,  in  theory,  can  pass  harmlessly  through  the  turbine. 

Sulfur  in  Fuel 

Sulfur  will  be  found  in  most  fuels,  with  the  possible  exception  of  natural 
gas,  which  may  occasionally  contain  some  sulfur.  Some  residuals  may  contain 
4%  sulfur  although  this  is  rare  and  1%  is  more  usual.  Sulfur,  like  vanadium,  is 
inherent  in  fuel  and  its  economic  removal  is  difficult.  Furthermore,  it  may  be 
present  in  such  large  quantities  that  it  would  be  undesirable  to  try  to  tie  it  up 
with  an  additive.  Tests  have  indicated  that  little  or  no  improvement  in  turbine 
blade  durability  would  result  from  an  order  of  magnitude  reduction  in  the  speci¬ 
fication  limit  for  JP-5  fuel  to  0.  04  weight  percent  of  sulfur,  approximately  the 
median  of  present  production.  Even  if  all  the  sulfur  in  fuel  were  removed,  there 
still  remains  approximately  11%  sodium  sulfate  in  sea  salt,  which  could  be 
sufficient  to  initiate  sulfate  attack. 

Air  and  Its  Contamination 

Contaminants  in  the  air  are  more  serious  than  those  in  fuel  because  a 
gas  turbine  consumes  about  50  times  as  much  air  as  fuel,  so  that  1  ppm  sea  salt 
in  air  would  be  equivalent  in  intake  to  50  ppm  in  fuel.  However,  much  of  the  air 
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never  reaches  a  temperature  where  reactions  with  fuel  sulfur  could  take  place. 
Some  air  never  reaches  the  combustor,  but  is  removed  from  the  compressor  for 
blade  or  disk  cooling.  Air  contaminants  may  be  more  serious  in  industrial  and 
marine  turbines  than  in  aircraft  turbines,  because  the  exposure  is  continuous. 
The  aviation  turbine  is  subject  to  contaminant  ingestion  mainly  when  it  is  near 
the  ground  or  water,  such  as  in  hovering  helicopters  or  in  coastal  airports. 

Although  industrial  wastes  are  a  source  of  contamination  in  land-based 
turbines,  by  far  the  greatest  amount  of  intake  results  from  operation  in  a  marine 
environment.  Sea  water  has  the  following  approximate  salt  composition: 


NaCl 

23  grams/liter 

MgCl 2  . 

6H2° 

11  grams/liter 

Na„SO.  . 
2  4 

10F2° 

8  grams/liter 

CaCl  . 

u 

2H2° 

1.42  grams/liter 

KC1 

0. 20  grams/liter 

KBr 

0. 90  grams/liter 

In  this  country  and  in  England  sea  salt  measurements  have  been  made, 
that  have  led  to  several  findings : 

1)  The  quantity  of  salt  in  the  air  is  greatly  dependent  on  wind 
velocity  when  measurements  are  taken  at  unprotected  deck  locations. 
An  order  of  magnitude  difference  was  observed  between  unprotected 
and  semiprotec  ted  locations. 
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2)  Wind  velocity  also  affects  the  size  of  particles  as  shown: 

Weather 

Fair .  0.  01  to  0. 05  ppm  with  particle 

size  5  microns  or  less 

Moderate  ...  up  to  0.1  or  0.2  ppm  with  some 
particles  up  to  about  20  microns 

Rough  .....  up  to  1  ppm  in  gale  conditions  and 
higher  in  severe  gales,  with  some 
very  large  particles. 

3)  For  ships,  such  as  fast  patrol  boats,  the  data  are  very 
dependent  upon  speed,  weather,  proximity  of  other  ships,  and  other 
factors.  Salt  levels  at  engine  intake  vary  from  0. 01  to  several  ppm. 

4)  Work  on  particle  size  analysis  has  indicated  that  larger 
droplets  contribute  a  greater  proportion  of  the  salt  burden  as  the  seas 
become  rougher.  The  aerosol  concentration  is  generally  considered 
to  include  those  particles  smaller  than  4  to  5  microns,  and  this  does 
not  increase  as  rapidly  as  the  more  massive  particles  as  the  wind 
speed  rises. 

Salt  Separation 

Experiments  have  indicated  that  reducing  the  amount  of  sea  salt  from 
the  air  is  a  reasonable  approach  to  the  control  of  hot  corrosion.  An  extensive 
program  was  conducted  for  the  U.  S.  Navy  to  determine  the  suitability  of  various 
types  of  salt  separators  for  use  with  marine  gas  turbines.  TyPes  considered 
included  knit  mesh,  electrostatic,  cyclonic,  moisture  and  inertial  separators. 
Considering  the  factors  of  efficiency,  cost,  weight  and  size,  ease  of  cleaning, 
maintenance,  etc. ,  the  knitted  wire  mesh  demister  was  considered  to  be  the 
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most  suitable  for  use  in  shipboard  applications.  It  is  estimated  that  at  least  75% 
of  the  salt  can  be  removed  by  this  means.  In  England  similar  tests  have  demon¬ 
strated  that  the  salt  burden  can  be  reduced  to  0. 01  ppm  if  filtration  is  efficient. 
Generally,  the  greatest  efficiency  of  separation  by  filtration  was  found  when  the 
relative  humidity  was  high  and  fell  off  with  decreasing  humidity.  At  low  humidity, 
filtration  was  only  about  10%  efficient.  However,  it  is  doubtful  if  filters  of  this 
type  could  be  used  in  aviation  turbines. 

For  typical  stationary  engines  operating  under  marine  conditions  with 
a  fuel  containing  0. 3  ppm  sodium  and  air  containing  0.  01  ppm  sodium,  approxi¬ 
mately  equal  quantities  of  salt  will  be  ingested  via  fuel  and  air.  For  example, 

_3 

a  24, 000  bhp  engine  will  ingest  9. 11  x  10  pounds  of  sodium  chloride  per  hour 

-3 

with  the  fuel  and  8.  28  x  10  pounds  per  hour  with  the  air. 

Corrosion  by  Salts 

There  is  some  evidence  that  sodium  sulfate  by  itself  is  not  particularly 
aggressive  but  when  combined  with  other  materials  such  as  sodium  chloride, 
other  alkali  metal  salts,  alkali  earths,  or  carbon,  significant  hot  corrosion 
occurs.  Sea  water  contains  all  the  necessary  constituents  to  form  an  alkali 
sulfate  slag  even  in  the  absence  of  sulfur  in  the  fuel.  It  has  been  demonstrated 
that  accelerated  hot  corrosion  occurs  only  after  molten  sodium  compounds 
condense  on  the  metal  surface;  many  investigators  have  reported  upper  and 
lower  temperature  limits  for  hot  corrosion.  The  lower  limit  is  controlled  by 
the  melting  point  of  the  compound  and  the  upper  limit  by  its  boiling  point.  This 
suggests  a  means  of  preventing  corrosion,  namely,  the  control  of  engine  oper¬ 
ating  conditions  which  will  be  discussed  in  the  next  section.  If  such  control  is 
not  possible,  some  improvement  may  result  from  the  use  of  blade  coatings. 
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Blades  coated  with  an  aluminide  layer  are  effective  in  aircraft  turbine  service. 
In  the  case  of  long  life  industrial  turbines,  it  is  doubtful  that  the  coating  would 
have  an  adequately  long  life. 


Turbine  Operation  Characteristics 


The  conditions  under  which  a  turbine  operates  will  have  a  marked 
effect  on  corrosion.  However,  there  is  very  little  that  can  be  done  to  change 
these  conditions  without  adversely  affecting  the  performance  of  the  turbine. 
Increasing  exhaust  gas  pressure,  temperature,  or  velocity  accelerates  hot 
corrosion  although  it  is  not  clear  whether  the  effect  is  all  corrosion  or  partly 
erosion.  Both  chemical  and  physical  reactions  are  pressure  dependent.  Dew¬ 
points  of  sodium  chloride  and  sodium  sulfate  are  shown  in  the  following  table : 


Concentration 
of  NaCl,  ppm 


Dewpoint  of  NaCl 
at  six  atmospheres 


Dewpoint  of  Na  SO  * 
at  six  atmospheres 


0.01  878°F  1256°F 

0.1  1022°F  1382°F 

1.0  1157°F  1508°F 

♦Assuming  NaCl  has  all  reacted  to  form  Na  SO 

u  i 


This  table  indicates  that  solid  sodium  chloride  is  not  likely  to  be  deposited  on 
the  first  rows  of  blades  and  only  Na^SO^  is  normally  found  in  the  blade  deposits. 
It  is  also  indicated  that  at  1282°F,  for  example,  no  deposition  would  occur  if  the 
concentration  equivalent  of  NaCl  before  reaction  was  less  than  0. 1  ppm.  It  is 
not  known  how  far  the  presence  of  other  salts  and  surface  oxides  may  change  the 
Na  SO  dewpoint.  The  current  Navy  practice  of  limiting  the  inlet  gas  tempera- 

Lt  t: 

ture  to  1550°F  maximum  for  marine  gas  turbines  circumvents  the  corrosion 
problem  but  seriously  reduces  the  efficiency  of  the  engine.  Therefore,  this 
approach  cannot  be  regarded  as  a  long-range  solution.  Operating  a  gas  turbine 
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engine  at  temperature/pressure  conditions  that  preclude  condensation  in  hotter 
sections  is  also  not  a  reasonable  solution  to  the  hot  corrosion  problem  because 
there  will  be  succeeding  cooler  stages  where  conditions  exist  for  condensation 
and  hot  corrosion. 

Operating  time  is  another  characteristic  to  be  considered.  Much  more 
severe  conditions  can  be  tolerated  in  short-life  military  engines  or  in  "peaking" 
turbines  than  in  long-life  industrial  machines. 

Controlled  Turbine  Operating  Conditions 

There  are  several  conditions  associated  with  the  combustion  system 
in  existing  turbines  that  might  be  modified  to  cause  changes  in  environmental 
effects.  First,  considering  the  combustor  itself,  it  has  been  shown  that  design 
modifications  can  be  made  within  modest  limits  which  will  affect  the  outlet  gas 
composition.  Work  has  been  done  with  low  excess  air  combustion  (mainly  in 
boilers)  which  tends  to  prevent  the  formation  of  objectionable  compounds.  Use 
is  made  of  recirculation  to  produce  a  less  luminous  flame  that  can  result  in  lower 
metal  surface  temperatures.  Combustor  modifications  have  also  been  tried  to 
prevent  smoke,  mainly  for  pollution  reasons,  but  the  smoke  or  carbon  particles 
can  also  cause  deterioration  of  metal  surfaces. 

Effect  of  Carbon 

Carbon  particles  are  an  indication  of  poor  combustion  and  may  result 
from  cracking  of  fuel  at  high  temperature,  poor  mixing,  or  sudden  quenching. 
Once  formed,  carbon  is  difficult  to  eliminate  but  recirculation  is  one  possibility 
resulting  in  less  luminous  flames.  With  carbon  present  and  conditions  alter¬ 
nately  carburizing  and  oxidizing,  a  severe  growth  of  scale  is  noted  which  involves 
a  selective  removal  of  chromium  and  which  can  result  in  severe  embrittlement. 
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A  green  appearance  results;  hence  the  name  "green  rot. "  Lower  primary  com¬ 
bustor  temperatures  have  resulted  in  some  control  of  smoke.  This  is  done  with 
more  excess  air,  which  may,  in  turn,  result  in  combustion  instability.  Another 
possibility  for  smoke  control  lies  in  the  use  of  fuel  additives. 

Smoke  Suppressing  Additives 

Several  additives  containing  either  barium  or  manganese  are  in  use  as 
smoke  suppressants.  One  of  the  more  common  is  methyl  cyclopentadienyl 
manganese  tricarbonyl  (Ethyl  Cl— 2).  As  smoke  suppressants  they  are  very 
effective,  but  it  is  possible  that  their  use  may  accelerate  corrosion.  The  Navy 
feels  that  smoke  additives  should  not  be  used  on  a  continuing  basis,  because  of 
possible  harmful  side  effects.  Others  have  found  no  increase  in  corrosion  from 
the  use  of  smoke  additives. 

Corrosion-inhibiting  Additives 

Hot  corrosion  caused  by  vanadium  can  be  alleviated  by  the  addition  of 
aluminum,  alkaline-earth  metals  (Mg,  Ca,  or  Ba),  or  chromium  to  the  fuel,  air, 
or  combustor  exhaust  gas.  However,  this  addition  can  be  accompanied  by  a 
serious  buildup  of  deposits  on  turbine  blades.  These  deposits  are  not  molten, 
and  not  corrosive,  but  they  could  adversely  affect  the  blade  performance.  Such 
deposits  have  been  known  to  coat  superheater  tubes  in  boilers,  and  protect  them 
from  corrosion.  Another  approach  might  be  to  tie  up  the  sodium  or  Na  0  as  a 
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low-melting  or  high-vapor-pressure  compound,  which  would  blow  away  or 
vaporize.  Such  a  compound  would  form  in  preference  to  the  stable  sodium  sulfate. 

Blade  Cooling 

In  the  use  of  cooled  components,  the  engine  is  operated  at  gas  temper¬ 
atures  that  favor  the  presence  of  fused  salts,  but  the  component  surfaces  are 
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maintained  at  a  lower  temperature  by  internal  cooling.  This  appears  to  be  an 
effective  means  of  controlling  hot  corrosion,  but  it  is  not  yet  certain  which 
temperature  is  important,  that  of  the  environment  or  that  of  the  metal  surface. 
There  is  evidence  that  cooled  surfaces  are  beneficial  in  the  case  of  oxidation 
but  not  so  effective  in  preventing  sulfidation. 

Engine  Washing 

NaCl  and  Na  SO  are  water  soluble.  Removal  of  deposits  of  these  salts 
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from  turbine  surfaces  by  water  washing  has  been  shown  to  improve  life  markedly 
with  respect  to  hot  corrosion.  The  following  conditions  for  washing  are  necessary: 

1)  Fresh  water  (potable  at  least)  must  be  used. 

2)  Engine  parts  must  be  at  final  temperature,  below ~200°F. 
This  may  require  a  several-hour  wait. 

3)  Turbine  should  be  rotated  during  washing  (may  be  at 
relatively  low  speeds). 

4)  Sufficient  water  to  remove  all  detectable  salts  must  be 
used  (exact  amount  depends  on  engine  size). 

5)  Use  of  detergent  or  other  cleaners  should  be  avoided; 
many  contain  sulfates  and  other  harmful  compounds. 

6)  After  washing,  turbine  should  be  rotated  long  enough  to 
allow  all  water  remaining  to  evaporate. 

7)  Engine  inlet  and  exhaust  should  be  covered  to  prevent 
subsequent  entrance  of  additional  salt. 
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The  unavailability  of  water  aboard  Navy  ships  severely  limits  the  applicability  of 
this  technique  for  both  main  propulsion  and  aircraft  engines.  In  any  case,  the 
sea  spray  is  immediately  available  upon  takeoff. 

Proposed  Areas  of  Investigation 

The  areas  proposed  for  investigation  may  be  divided  into  two  categories, 
those  most  profitable  for  study  and  those  with  less  probable  return.  It  will  be 
noted  that  most  of  the  recommendations  for  work  involve  experimental  investiga¬ 
tion.  A  very  strong  recommendation  is  made  to  perform  any  test  programs 
involving  fuels,  contaminants  and  superalloys  under  realistic  conditions. 

Recommended  Research  Areas 

Contamination  levels.  A  documentation  of  the  practical  experi¬ 
ence  confirming  the  maximum  tolerable  level  of  trace  metals  (vanadium  and 
sodium)  in  treated  and  untreated  fuels  and  permissible  salt  ingestion  levels  in 
marine  turbines  is  needed.  Levels  from  25  ppb  to  the  ppm  range  have  been 
reported  as  detrimental.  Salt  separation  from  the  intake  air  would  be  a  profit¬ 
able  area  to  pursue  (if  the  ppm  level  is,  in  fact,  detrimental)  but  futile  if  only 
25  ppb  is  sufficient  to  initiate  hot  corrosion.  Decreases  from  one  ppm  to  lower 
values  might  increase  blade  life,  but  would  not  eliminate  the  problem.  The 
present  specifications  for  maximum  sulphur  in  the  fuels  seem  to  be  necessary 
and  adequate.  However,  a  further  reduction  in  the  specification  is  not  expected 
to  be  beneficial. 

Fuel  modifications.  There  are  a  number  of  fuel  additives  which 
may  reduce  or  eliminate  hot  corrosion  resulting  from  trace  metals  in  the  fuel  or 
salt  ingestion.  Chromium  and  magnesium  salts  are  examples;  further  investiga¬ 
tion  of  this  approach  is  warranted. 
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Engine  operating  conditions— pressure,  temperature,  and 
velocity  effects.  There  have  been  few  systematic  investigations  of  pressure, 
velocity,  and  temperature  effects  to  correlate  rig  test  and  engine  test  results. 
Sufficient  definitive  studies  should  be  conducted  as  a  guide  to  establishing 
realistic  rig  test  conditions. 

Reaction  and  transport  effects.  This  may  be  one  of  the  prime 
areas  for  investigation.  The  conditions  leading  to  the  formation  of  a  deposit 
from  combustion  gases  passing  over  a  heat-receiving  surface  have  not  been 
studied  experimentally  to  any  extent,  although  theoretical  analyses  have  been 
made.  An  experimental  study  of  the  formation  of  deposits  would  seem  to  be  a 
worthwhile  research  area.  The  role  of  erosive  particles  in  removing  protective 
oxide  layers  or  detrimental  deposits  should  also  be  studied. 

Effect  of  metal  cooling  on  corrosion  and  deposit  formation. 

This  area  requires  further  experimental  investigation.  For  instance,  is  deposit 
formation  more  marked  in  the  case  of  oxidation  than  sulfidation?  Does  cooling 
tend  to  build  up  deposits  ? 

Items  in  the  following  category  are  not  necessarily  less  important  than 
topics  in  category  1,  but  they  are  less  fundamental,  and  their  effects  are  apt  to 
vary  with  designs  of  machines  offered  by  different  manufacturers. 

Smoke-reducing  additives  that  may  affect  corrosion.  These 
may  be  less  desirable  than  modification  to  the  combustion  system  to  prevent 
smoke.  The  problem  appears  to  be  one  subject  to  treatment  by  individual  manu¬ 
facturers  and  is  not  considered  suitable  for  a  research  effort. 

Storage  and  contamination  problems.  These  are  problems  to 


be  solved  by  the  turbine  user. 
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Combustion  environments.  Economically,  it  does  not  appear 
attractive  to  remove  noncombustible  matter  completely  from  fuel  and  air.  How¬ 
ever,  combustion  systems  may  conceivably  be  designed  so  that  the  residues  will 
pass  through  the  system  instead  of  being  captured.  This  problem  should  be 
attacked  by  each  individual  manufacturer,  since  a  solution  would  most  likely  be 
peculiar  to  his  particular  machine. 
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V.  EVALUATION 

Characterization  of  Hot  Corrosion  Rig  Tests 
Introduction 


This  section  of  the  report,  describing  the  method  for  evaluating  the 
hot  corrosion  resistance  of  various  material  systems  in  the  laboratory,  is  dis¬ 
cussed  as  related  to  gas  turbine  applications.  Particular  attention  is  paid  to 
corrosive  environments  germane  to  engine  operation  with  sea-salt-laden  air  and 
sulfur-bearing  fuels.  No  consideration  is  given  here  to  problems  related  to  the 
use  of  lead-  or  vanadium-bearing  fuels;  however,  the  test  methods  employed  are 
believed  to  be  applicable.  Moreover,  the  test  parameters  for  evaluation  of 
coatings  are  not  covered  in  detail.  Although  the  test  equipment  is  identical,  the 
severity  of  the  test  conditions  is  necessarily  intensified  to  accelerate  failure  of 
coated  parts. 

The  rigs  in  service  today  are  described,  including  the  test  specimens, 
their  method  of  evaluation,  and  the  numerous  applicable  variables  which  control 
the  degree  of  corrosive  attack.  In  order  to  equate  the  performance  of  the  various 
test  rigs,  an  ASME-ASTM  Gas  Turbine  Panel-sponsored  roundrobin  was 
conducted,  with  specified  control  of  many  essential  variables.  Insofar  as  they 
are  available,  the  results  are  included  and  evaluated. 

Some  of  the  difficulties  encountered  in  simulating  and/or  reproducing 
engine  conditions  are  described.  Recommendations  for  further  research  are 
given. 
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Early  Testing  Methods 

Early  studies  relating  to  the  effect  of  sulfate  attack  on  superalloys  were 
conducted  in  "crucible"  tests  principally  by  immersion  in  molten  sodium  sulfate 
or  by  heating  a  salt  precoated  specimen  in  air.  Trace  additions  of  NaCl  in  the 
Na  SO  were  found  to  greatly  accelerate  corrosion  rates;  5-10%  additions  sub- 

C*  t: 

sequently  were  made  as  standard  practice.  Testing  normally  was  conducted  near 
1700°F,  and  the  test  periods  ranged  up  to  100  hours  depending  upon  the  material 
systems  being  evaluated.  A  modification  of  this  test,  whereby  the  specimen  is 
partially  immersed  in  the  molten  salt,  is  in  some  use  today  as  a  preliminary 
screening  test.  Others  have  employed  SO  and  H  S  environments  while  maintain- 
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ing  the  test  specimen  at  an  appropriate  elevated  temperature.  Since  these 
methods  largely  have  been  replaced  in  the  U.  S.  by  "dynamic"  test  rigs,  further 
discussion  of  crucible  tests  is  considered  inappropriate.  More  details  of  the 
early  test  methods  are  available1  elsewhere. 

Current  Status 

The  dynamic  rig  has  evolved  as  a  device  producing  a  type  of  environ¬ 
ment  representative  of  that  found  in  a  gas  turbine  engine.  Typically,  the  device 
consists  of  a  source  of  combusted  fuels  into  which  a  sea-salt-corrodent  is 
aspirated  prior  to  impingement  on  the  surface  of  the  test  specimen(s).  Combus¬ 
tion  conditions  are  maintained  on  the  oxidizing  side  of  stoichiometry,  and  the 
specimen  may,  or  may  not,  be  cycled  out  of  the  flowing  gas  stream.  The  test 
specimen,  which  is  varied  in  configuration,  generally  is  evaluated  by  metallo- 
graphic  examination  (i.e. ,  change  in  cross-section)  or  weight-loss  measurements 
(i.  e. ,  weight  after  cathodic  descaling).  In  the  following  paragraphs,  a  more 

1.  Rentz,  W.  A.,  and  Donachie,  M.  J. ,  Jr.,  "Oxidation  and  Sulfidation 
Corrosion  of  Nickel  Base  Superalloys,  "  presented  at  the  1966  National 
Metals  Congress,  11/66. 
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detailed  review  of  the  rig,  test,  and  evaluation  variables  employed  by  various 
investigators  is  presented.  A  summary  of  these  details,  identified  by  source, 
is  presented  in  Table  5. 

Heat  Source 

From  the  information  available,  the  combustion  of  kerosene-type  fuels 
takes  place  in  a  simulated  turbine  engine  can-type  combustor.  One  unique 
variation  exists  whereby  jet  fuel  is  burned  to  provide  the  appropriate  gaseous 
environment  without  regard  for  temperature,  the  latter  being  maintained  by 
passing  the  combustion  products  through  a  resistance  heated  tube  furnace.  JP4 
and  JP5  referee  fuels  are  used  predominantly,  with  some  usage  of  diesel  oil  and 
natural  gas.  Fuel  sulfur  varies  in  the  range  0.02-0.4%  with  the  former  fuels  and 
around  1. 0%  with  the  diesel  grades.  Ditertiary  butyl  disulfide  may  be  added  to 
the  fuel  to  achieve  the  desired  sulfur  level.  Fuel  -  air  ratios  vary  from  "oxidiz¬ 
ing"  (*18:1)  to  as  high  as  120:1;  however,  the  most  frequented  range  is  between 
30-60:1.  (Turbines  normally  operate  in  the  range  50:1.) 

Pressure 

The  pressure,  as  measured/calculated  at  the  specimen,  is  nearly  at 
one  atmosphere  for  most  rigs.  Within  the  recent  past,  it  has  been  confirmed  that 
pressure  contributes  to  the  amount  of  salt  that  condenses  on  the  surface  of  a  test 
specimen  for  a  given  set  of  test  conditions.  The  unavailability  of  high  pressure 
systems  is  not  from  the  lack  of  appreciation  of  the  importance  but  rather  the  high 
costs  associated  with  the  installation  of  such  a  facility.  Only  one  known  source 
in  the  country  can  test  to  15  atmospheres,  at  a  time  when  engines  are  being 
designed  to  >20:1. 


SUMMARY  OF  VARIOUS  HOT  CORROSION  TEST  RIG  PARAMETERS 


NOT  REPORTED  ••ANALYTICAL/CONTROL  •“HEAT  ZONE/COOL  ZONE 
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Velocity 

There  seems  to  be  less  attention  focused  on  this  parameter,  although  in 
the  interest  of  turbine  simulation  high  velocities  appear  desirable.  Rig  operators 
identify  velocities  from  "moving"  to  Mach  1;  however,  most  report  operation 
(combustor  discharge)  in  the  range  200-700  fps.  Velocity  has  influenced  signifi¬ 
cantly  the  oxidation  rate  of  TD  NiCr  (formation  of  volatile  CrO  );  this  suggests 

O 

that  further  emphasis  should  be  given  to  this  variable. 

Temperature 

There  is  little  consistency  in  the  temperatures  selected  or  the  method 
of  measurement.  Many  investigators  conduct  tests  at  various  temperatures,  or 
adjust  conditions  such  that  a  gradient  exists  over  the  specimen  test  surface. 
Generally,  temperature  is  controlled/monitored  optically  after  the  equipment  was 
calibrated  against  instrumented  (i.e. ,  thermocouple)  test  specimens.  Some 
workers  indicate  no  means  of  correlation  and  apparently  assume  the  specimen 
metal  temperature  to  be  equal  to  that  of  the  surrounding  gas  stream  as  measured 
by  thermocouple. 

Time 

Cycling  between  the  set  temperature  and  some  lower  temperature 
normally  is  employed;  however,  the  cycle  time  varies  from  minutes  to  days  as 
a  function  of  testing  source;  most  hold  at  temperature  between  10  -  60  minutes, 
and  at  least  one  operator  dwells  at  two  temperatures  before  retracting  the  speci¬ 
mens  from  the  test  environment  for  cooling.  Most  frequently,  tests  are 
conducted  for  a  period  of  100  hours  with  some  reported  as  high  as  1000  hours, 
the  latter  being  conducted  in  an  effort  to  stimulate  more  accurately  engine 


conditions. 
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Corrodent 

Less  variation  exists  with  this  parameter  as  most  employ  synthetic  sea 
salt  (ASTM  D665)  material  sometimes  diluted  with  distilled  water  to  facilitate 
delivery.  In  order  to  avoid  combustor  fouling,  the  contaminant  is  introduced 
downstream  of  the  combustor;  this  also  minimizes  salt  loss  due  to  deposition  on 
the  combustor  walls.  Concentration  (i.e. ,  parts  per  million  of  combustor  air)  is 
varied  to  suit  the  peculiarities  of  individual  rigs  so  as  to  produce  corrosion  in  a 
reasonable  time  period.  (Salt  level  and  temperature  frequently  are  increased 
when  rating  coated  materials  which  are  more  resistant  to  attack.) 

Specimen  Configuration 

A  cylindrical  "pin"  specimen  with  diameters  varying  from  0. 125  -0.25" 
is  employed  by  a  majority  of  investigators.  This  configuration  is  most  convenient 
when  metallographic  (i.  e. ,  depth  of  attack)  evaluation  techniques  are  employed. 

Its  disadvantages  are  its  unsuitability  for  use  in  coating  evaluation  work  (lack  of 
small  radii  tapered  section)  and  its  potential  effect  on  gas  stream  blockage.  The 
airfoil  paddle  specimen  (see  Figure  1)  is  in  frequent  usage  because  of  its  applica¬ 
tion  in  thermal  fatigue  and  coating  testing.  Also,  most  foundries  supplying  engine 
manufacturers  have  tooling  available  .  Wedge-shaped  specimens  (modification  of 
pin)  also  find  application,  their  attractive  features  relating  to  ease  of  manufacture 
especially  when  wrought  materials  are  included  in  a  test  program. 

Evaluation  Methods 

Two  methods  are  employed,  namely,  weight  change  (loss)  and  metallo¬ 
graphic  (depth  of  attack).  Investigators  are  divided  evenly  in  their  use;  some 
report  the  use  of  both  techniques  in  their  analysis.  The  former  approach  requires 
the  stripping  of  the  oxide  scale  prior  to  weighing.  This  normally  is  accomplished 
electrolytically  in  a  molten  NaOH  bath  at  approximately  800°  F.  Its  principal 
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advantage  is  convenience.  A  disadvantage  is  that  the  partially -oxidized  (nonstruc- 
tural)  zone  is  not  stripped,  thereby  decreasing  the  accuracy  of  results. 
metallographic  approach,  as  the  name  implies,  requires  the  sectioning  and 
polishing  of  predetermined  areas  based  on  maximum  attack  or  isotherms.  The 
attractive  feature  is  the  ability  to  measure  the  loss  of  "structural"  cross  section 
and  the  availability  of  the  microstructure  for  other  studies.  For  those  rating  a 
material  by  the  sectioning  in  the  area  of  worst  attack  (regardless  of  metal  tem¬ 
perature),  this  method  is  disadvantageous  since  proper  interpretation  is  difficult 
without  scale  removal. 

Selection  of  Test  Parameters 

As  implied  above,  there  are  numerous  variables  to  be  selected  and 
controlled  in  order  to  achieve  satisfactory  results.  Among  the  early  variables 
defined  were  temper?  .are,  salt  concentration,  and  test  duration.  Operation  of 
atmospheric  pressure  rigs  in  excess  of  about  1800°F  produce  little  attack 
(excluding  oxidation)  unless  special  consideration  is  given  to  the  addition  of  higher 
salt  concentrations  or  the  specimen  is  periodically  recoated  during  temperature 
cycling.  Generally,  representative  attack  is  produced  in  the  range  1400-1 750° F 
after  an  appropriate  incubation  period.  This  range  broadens  with  test  time  at  the 
lower  (threshold)  end  of  the  temperature  scale  while  remaining  relatively  fixed  at 
the  upper  (terminal)  end,  the  latter  having  been  influenced  by  operating  pressure. 
Caution  must  be  taken  to  avoid  too  high  salt  concentrations  with  the  associated 
short  test  times  because  misleading  results  can  be  obtained.  This  condition  can 
be  determined  metallographically  by  the  absence  of  the  middle  depleted  inetal- 
oxide  zone.  (Characteristically,  there  are  three  zones:  (1)  oxide  zone, 

(2)  depleted  metal-oxide  zone,  and  (3)  depleted  metal  zone.)  Test  time  varies 
since  it  is  influenced  significantly  by  the  choice  of  the  other  variables. 
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As  the  test  methods  evolved,  the  control  of  fuel  sulfur  and  the  influence 
of  thermal  cycling  were  added.  Sulfur  has  been  shown  to  affect  the  rate  of  attack 
on  materials  to  varying  extents  depending  upon  alloy  composition.  Thermal 
cycling  creates  interfacial  shear  stresses  from  the  thermal  expansion  mismatch; 
the  result  in  many  cases  is  an  acceleration  in  rate  of  attack. 

Finally,  the  influence  of  pressure  has  been  recognized  and  included  by 
at  least  two  test  rig  operators.  As  previously  indicated,  this  feature  is  very 
desirable  when  conducting  tests  above  1800°F.  Unfortunately,  the  significant 
expense  associated  with  its  implementation  precludes  its  more  extensive  use. 

The  joint  ASME-ASTM  Gas  Turbine  Panel  has  conducted  a  roundrobin 
test  to  compare  the  performance  of  the  several  rigs  currently  being  employed. 
The  test  parameters  are  identified  in  Appendix  II,  and  the  test  results  displayed 
in  Figure  2.  Analysis  reveals  that  most  rigs  are  capable  of  qualitatively  ranking 
materials  where  significant  differences  exist;  however,  the  quantitative  results 
leave  something  to  be  desired.  This  latter  variability  undoubtedly  exists  in 
certain  cases  from  test-to-test  in  the  same  rig.  It  is  believed  that  this  can  be 
attributed  to  lack  of  precise  control  of  test  conditions  rather  than  inherent  varia¬ 
bility  in  the  hot  corrosion  process.  Metal  temperature  and  salt  concentrations 
are  difficult  to  control  throughout  an  extended  test  period  and  may  be  responsible 
for  the  greatest  error  in  results. 
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A.  Recommendations 


1.  Promote  the  standardization  of  a  hot  corrosion  test  to  minimize  dupli¬ 

cation  of  effort  within  the  turbine  engine  industry.  Although  the  Committee 
members  agree  on  those  parameters  to  be  controlled,  their  specification  was  not 
readily  accepted.  The  discussion  may  be  summarized  as  follows: 


Parameter 


Heat  Source 


Comment 

JP4/JP5  fueled  combustor;  fuel:  air 
ratio  (min. )  and  sulfur  level  (range)  to 
be  controlled 


Pressure 

Velocity 

Temperature 


Atmospheric  (high  pressure  desirable 
but  too  costly  for  consideration) 

200  -  700  fps 

No  agreement  but  should  be  between 
1500~1800*F;  optically  monitored  (min.) 
but  calibrated  against  specimen  metal 
temperature 


Time 


Cycling  to  be  included  but  no  agreed 
upon  duration 


Corrodent  ASTM  D665;  concentration  not  defined; 

probably  requires  two  levels  (e.  g. ,  1  & 
5  ppm);  injection  point  needs  study 
(i.  e. ,  reaction  time  vs.  combustor 
length) 

Specimen  Configuration  Cylindrical  (e.  g. ,  1/4  D) 

Evaluation  Method  Metallographic  (per  GTP  roundrobin) 


2.  Investigate  causes  for  lack  of  repetitive  quantitative  test  results  as 

revealed  by  roundrobin  test  effort. 


3.  Provide  industry  with  an  available  high  pressure  testing  source  (e.g. , 

NASA)  to  evaluate  quantitative  importance  of  this  parameter  and  develop  means 
for  proper  compensation  (e.g. ,  increased  salt  levels). 


4.  Collect  and  analyze,  on  an  industry-wide  basis,  the  degree  of  cor¬ 

relation  between  engine  and  rig  experience  in  rating  superalloy  materials  and 


coatings. 
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VI.  SUMMABY  OF  CONCLUSIONS  AND  RECOMMENDATIONS 


Overall  Situation 

1.  Hot  corrosion  is  a  current  threat  only  in  the  important  case  of 
military  turbines  operating  in  marine  environments.  Engine  design  and  operation 
trends  suggest  that  it  will  be  of  more  concern  to  commercial  and  military  cruise 
engines  in  the  future. 

2.  Understanding  of  the  mechanism  of  hot  corrosion  of  turbine  alloys 
is  rudimentary  and  needs  additional  effort  now  in  view  of  anticipated  future 
difficulties. 

3.  The  immediate  hot  corrosion  problem  is  being  handled  by  adjust¬ 
ments  in  turbine  materials  and  coatings.  Attempts  to  alter  the  environment  for 
aircraft  engine  operation  appear  not  worth  the  considerable  effort  that  would  be 
involved.  Such  is  not  true  for  stationary  engine  operation,  such  as  in  marine 
turbines. 

Mechanisms 

1.  Hot  corrosion  resulting  from  liquid  salt  deposits  is  encountered  in 
the  temperature  range  1400-1900°F,  and  appears  to  be  the  result  of  a  two-step 
attack:  first,  a  breakdown  of  the  natural  scale;  second,  direct  attack  on  the 
metallic  substrate.  Study  is  needed  of  the  sulphate/scale  and  sulphate/metal 
reactions.  In  this  connection,  thermodynamic  data  are  needed  on  the  various 
components  involved  in  the  sulpha te/sc ale  reaction  to  substantiate  presently 
proposed  mechanisms. 
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2.  Encouraging  progress  is  being  made  in  understanding  the  kinetics  of 
the  oxygen/metal  reaction  at  high  temperatures,  above  the  hot  corrosion  regime. 
However,  much  more  information  is  needed,  particularly  on  simple  alloy  systems 
amenable  to  scientific  analysis.  The  microstructure  of  the'^cale  and  that  of  the 
substrate  and  their  interdependence  have  important  effects— oxidation  and  hot 
corrosion,  and  are  particularly  recommended  for  study,  since  there  is  consider¬ 
able  evidence  that  considerable  improvements  can  be  made  in  oxidation  resistance 
without  a  trade-off  with  strength.  The  use  of  rare  earth  oxides  as  dispersions 
appears  particularly  interesting.  Information  is  needed  on  oxidation  kinetics  over 
a  range  of  oxygen  pressure,  defect  structure  of  doped  and  mixed  oxides,  selective 
oxidation  to  form  sesquioxides  and  spinels,  solubility  and  diffusion  of  oxygen  in 
metals  and  cations  in  oxides,  and  mechanical  properties  of  scales. 

Alloy  and  Coating  Development 

1.  There  appears  to  be  a  reasonable  prospect  for  further  enhancement 
of  temperature  capability,  despite  the  fact  that  super  alloy -base  systems  are 
operating  close  to  their  melting  points  in  advanced  gas  turbines,  and  further  alloy 
development  along  traditional  lines  is  encouraged.  Of  more  importance  are  new 
approaches,  including  dispersions  via  the  stable  oxide  route,  dispersed  fibers 
(particularly  oxides),  intermetallic  compounds,  and  directionally  solidified 
eutectic  systems. 

2.  The  practical  development  of  commercial  alloys  needs  guidelines 
provided  by  basic  research  on  the  effects  of  individual  elements  on  hot  corrosion 
and  oxidation  resistance,  as  recommended  above. 

3.  Practical  alloy  development  for  specific  applications  requires  of 
target  properties  (principally  temperature,  stresses,  and  lives)  which  reflect  the 
design  trends  in  the  next  generation  of  engines  and  that  are  realistic  in  terms  of 
materials  capabilities. 
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4.  Since  future  hot  components  for  advanced  gas  turbines  almost 
certainly  will  be  coated,  it  is  urged  that  coating  development  proceed  concurrently 
with  alloy  development  in  a  systems  approach. 

Environmental  Effects 

1.  The  data  on  tolerable  contamination  limits  for  impurities  like  salt, 
sulphur,  and  trace  metals  are  avaialble,  but  need  collection,  organization,  and 
dissemination. 

2.  Little  can  be  done  to  reduce  the  contamination  in  aircraft  jet 
engines,  since  most  of  it  is  ingested  with  the  air  intake.  However,  for  station¬ 
ary  engines,  continued  investigations  of  fuel  additives  which  may  reduce  hot 
corrosion  are  encouraged. 

3.  The  mechanism  of  deposition  of  solid  particles  on  turbine  parts 
is  not  well  understood  and  further  experimental  work  is  needed. 

Evaluation 

1.  The  lack  of  correlation  among  laboratories  conducting  rig  tests  is 
disturbing,  although  the  qualitative  agreement  on  rating  of  materials  appears 
reasonable.  Continued  work  is  needed  to  standardize  rig  tests  and  to  establish 
the  correlation  of  such  tests  with  service  conditions. 


2.  A  high-pressure  rig  which  is  available  to  the  industry  is  needed. 
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APPENDIX  I 


Recommendations  from 

COATING  SYSTEMS  FOR  GAS  TURBINE  ENGINES 
(Section  Va) 

J.  R.  Meyers,  J.  D.  Gadd,  &  F.  P.  Talboom 
Prepared  for  the  Coatings  Committee  of  NMAB 

It  is  believed  that  a  number  of  research  and  development  programs  can 
be  outlined  that  will  greatly  assist  in  the  development  of  advanced  coating  systems 
for  superalloys  to  be  used  in  future  gas-turbine  engines: 

PRIMARY 

1.  Conduct  studies  to  thoroughly  evaluate  the  potential  (i.  e. ,  determine 
advantages  and  limitations)  of  newer  coating  techniques  for  depositing  advanced 
coatings  on  superalloy  components  used  in  gas-turbine  engines.  Processes  to  be 
considered  should  include:  (1)  cladding,  (2)  electrodeposition  from  fused  salts, 

(3)  pyrolytic  deposition  from  organometallic  vapors  or  solutions,  and  (4)  physical 
vapor  deposition,  especially  as  applied  to  alloys.  Successful  research  results 

in  developing  new  coating  processes  probably  will  be  necessary  in  order  to 
permit  deposition  of  advantageous  coating  alloys. 

2.  Develop  a  recoating  capability  that  will  minimize  (or  eliminate) 
substrate-metal  loss. 

3.  Develop  nondestructive  testing  methods  for  process  control  and  for 
predicting  the  useful-remaining  life  of  coated  turbine-engine  components. 
Techniques  should  measure  or  identify  defects,  corrosion  damage,  coating 
thickness,  extent  of  coating-substrate  inter  diffusion,  fatigue  damage,  and  wall 
thicknesses  of  cooled  components. 

A  Develop  manufacturing  techniques  for  the  reliable  coating  of  extreme¬ 
ly  small  diameter  internal  cooling  passages  used  in  convection  and  transpiration 

cooling. 
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5.  Develop  automated  manufacturing  processes  in  order  to  improve 
coating  reproducibility  and  reliability. 

SECONDARY 

1.  Conduct  research  to  statistically  define  the  effect  of  modifier 
elements  (e.  g. ,  rare  earths)  on  the  oxidation  and  sulfidation  resistance  of 
aluminide  coatings. 

2.  Determine  the  effect  of  alloying  elements  on  the  compositional 
range  of  NiAi  (CoAl).  If  certain  elements  can  be  added  that  will  increase  the 
aluminum  content  of  this  intermediate  phase,  the  larger  reservoir  of  available 
aluminum  could  increase  coating  life  expectancies. 

3.  Oxidation  and  sulfidation  kinetics  (using  both  kinetic  and  static 
tests)  should  be  determined  for  promising  binary,  ternary,  and  quaternary  alloys 
in  order  to  find  a  replacement  coating  for  the  basic,  currently-used  aluminides. 
These  alloys  should  have  some  inherent  ductility  to  be  considered  for  use  as 
future  coatings. 

4.  Attempts  should  be  made  to  raise  the  melting  point  of  the  nickel 
(cobalt)-poor,  aluminum-rich  diffusion  zone  in  currently-used  alumini de-coating 
systems.  Modifier  elements  may  prove  to  be  effective  in  satisfying  this 
necessity  for  future  aluminide  coatings. 

5.  Additional  research  to  develop  a  coating  for  dispersion-strengthened 
alloys  that  will  function  for  long  times  at  temperatures  above  2000°F  is  recom¬ 
mended. 

6.  Continue  the  preliminary  studies  of  adding  discrete  particles  (e.  g. , 
AlgOg)  to  the  coating  in  order  to  improve  oxidation  and  sulfidation  resistance  of 
aluminide  coatings. 

7.  Develop  a  simplified  procedure  for  coating  turbine-blade  tips  to 
provide  for  oxidation  and  sulfidation  resistance  at  this  location  after  minor 
blade-length  modifications  have  been  made  to  coated  blades  during  engine  fit-up. 
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8.  Determine  the  effect  of  coating-process  variables,  coating  chemistry, 
and  post-coating  heat  treatments  on  (aluminide-type)  coating  ductility. 

9.  Establish  the  effect  of  long-time  service  on  the  mechanical  pro¬ 
perties  of  coated  components,  especially  thin  sections. 

10.  Continue  research  on  the  use  of  diffusion  barriers  (or  elements 
added  to  the  coating  to  reduce  thermodynamic  activities  of  diffusing  species)  to 
minimize  interdiffusion  between  the  coating  and  the  substrate. 

11.  Obtain  a  more  comprehensive  and  fundamental  understanding  of 
degradation  phenomena  for  coated  components. 

12.  Continue  research  on  the  development  of  protective  coatings  for 
columbium-  and  chromium -base  alloys. 


APPENDIX  II 


’’Round  Robin"  Hot  Corrosion  Testing  Program 

The  Gas  Turbine  Panel  of  the  Joint  Committee  on  Effect  of  Temperature 
on  the  Properties  of  Metals  is  sponsoring,  through  its  Hot  Corrosion  Task  Force, 
a  roundrobin  burner  rig  testing  program. 

Hot  Corrosion  data  have  been  generated  in  many  burner  rigs  of  varying 
design.  Testing  procedures  from  lab  to  lab  differ  in  operating  environment, 
specimen  geometry,  time  and  temperature  of  testing,  and  method  of  assessing 
corrosion  damage.  As  a  result,  there  is  little,  if  any,  common  ground  on  which 
resui‘'S  can  be  compared. 

It  is  the  purpose  of  this  program  to  compare  the  data  generated  when 
various  rigs  are  operated  to  as  close  a  set  of  target  test  conditions  as  peculiar¬ 
ities  of  individual  pieces  of  equipment  will  allow.  If  successful,  this  program 
could  be  extended  in  directions  which,  hopefully,  would  ultimately  lead  to  the 
definition  of  a  standard  procedure.  It  is  recognized  by  the  Task  Force  that  we 
do  not  have  the  necessary  background  knowledge  and  understanding  of  the  gas 
turbine  operating  environment  to  specify  standard  equipment  and  procedures  at 
this  time. 


Since  this  is  a  committee-sponsored  project,  those  desiring  to  partic¬ 
ipate  will  be  expected  to  conduct  exposures  in  their  equipment  without  charge. 

A  large  number  of  specimens  will  be  required  to  conduct  this  program. 

It  is  estimated  that  about  150  specimens  of  both  U-500  and  Inco  713C,  and  75 
specimens  of  each  of  the  other  four  materials  listed  below,  will  be  required.  I 
have  had  offers  from  organizations  to  furnish  some  of  the  specimens  needed.  It 
would  be  desirable  to  have  this  burden  shared  by  as  many  as  are  willing  to  contrib¬ 
ute.  Ideally,  if  we  had  six  volunteers,  each  could  provide  the  necessary  speci¬ 
mens  of  one  composition. 

Participants  in  the  roundrobin  should  adhere  as  closely  as  possible  to 
the  target  test  conditions  listed  below.  Any  deviations  should  be  explained  when 
test  results  are  reported.  Target  test  conditions  evaluation  procedures  for  the 
roundrobin  are: 

1.  Specimen  -  1/2  inch  round,  3  inch  long. 
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2.  Materials  -  all  cast,  each  composition  from  single  heat. 

0 Inco  713 C 
0  In  100 
0  U-500 
0  U-700 
0  Mar  M421 
0  Inco  73  8X 

3.  Fuel  -  JP-4  referee  with  0. 15-0.  2%  S. 

4.  Time  -  100  hours. 

5.  Temperature  -  1650°F  metal  temperature. 

6.  Salt  composition  -  Artificial  sea  water  according  to  ASTM  D665, 
ASTM  Standards  1961,  Part  7,  p.  312,  or  ASTM  Standards  1967,  Part  17,  p.  253. 
A  similar  but  simpler-to-make-up  specification  is  ASTM  D1141-52,  ASTM 
Standards  1967,  Part  23,  p.207. 

7.  Salt  concentration  -  5  ppm  in  "high  velocity  rigs"  and  100  ppm 

in  "low  Velocity  rigs.  "  The  concentration  of  corrodent  to  be  used  was  particularly 
difficult  to  deal  with  because  of  the  wide  variation  that  exists  among  the  different 
burner  rigs  in  use  today.  However,  there  appeared  to  be  one  reasonable  way  to 
circumvent  the  problem.  Burner  rigs  seem  to  fall  into  two  distinct  categories, 
"low  velocity"  (0  to  about  50  ft/sec. )  and  "high  velocity.  "  "High  velocity"  (50  ft/ 
sec.  and  above)  rigs  generally  use  a  few  parts  per  million  of  corrodent  while 
"low  velocity"  rigs  require  hundreds  of  parts  per  million.  It  is  suggested  that 
we  specify  low  salt  concentrations  for  the  roundrobin  instead  of  one,  5  ppm 
and  100  ppm.  Participants  would  choose  the  concentration  closest  to  the  one 
they  normally  use. 

8.  Duplication  -  Duplicate  test  runs  of  8  specimens.  Each  group  of  8 
will  contain: 


U-500 

-  2  specimens 

Inco  713C 

-  2  specimens 

IN  00 

-  1  specimen 

U-700 

-  1  specimen 

Mar  M421 

-  1  specimen 

Inco  738 

-  1  specimen 
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9.  Corrosion  Measurement  Technique. 

Metallographic  Measurements.  Two  cross-sectional  areas  of  each 
specimen  are  mounted  for  examination.  One  represents  a  zone  of  maximum 
visual  attack  and  the  other  represents  a  zone  of  average  visual  attack.  For  a 
specimen  corroded  over  half  or  less  of  its  length,  the  sections  are  taken  in  a 
corroded  zone  and  a  noncorroded  zone.  Each  of  the  cross-sectioned  areas  is 
measured  for  hot-corrosion  effects  across  two  diameters  approximately  90° 
apart  as  shown  in  the  attached  figure,  thus,  each  specimen  is  measured  in  four 
places.  Two  types  of  hot-corrosion  effects  are  determined;  these  are  gross 
(massive)  attack  and  maximum  attack,  illustrated  in  the  attached  figure.  All 
values  are  reported  as  loss  in  diameter  (mils). 

Surface  Loss  (Gross  Attack)  is  a  measurement  of  all  material  loss, 
plus  any  massive  oxidation  and  sulfidation;  it  does  not  factor  in  other  types  of 
subsurface  attack, such  as  intergranular  attack.  For  each  specimen,  four 
measurements  are  reported  to  show  the  consistency  of  attack.  The  measurements 
are  averaged  together,  and  this  new  value  reported  and  plotted  as  the  gross 
attack. 


Maximum  Attack  is  a  measurement  which  includes  gross  attack  plus  the 
depth  of  penetration  of  all  sulfides  and  oxides,  which  may  be  scattered  or  in 
local  concentrations;  e.g. ,  grain  boundaries.  The  depth  of  subsurface  oxides 
and  sulfides  may  vary  from  one  side  of  the  specimen  to  the  other  side;  thus, 
measurements  in  terms  of  loss  in  diameter  are  qualified  as  attack  on  both  sides 
(B),  mostly  on  one  side  (M),  and  on  one  side  (O).  A  measurement  for  each 
cross-sectioned  area  is  reported  to  indicate  the  consistency  of  attack,  but  only 
the  greatest  value  is  considered  the  maximum  attack  for  the  alloy. 

10.  Thermal  Cycling. 

No  specific  thermal  cycling  schedule  has  been  specified.  Rather,  each 
participant  should  use  that,  if  any,  which  is  customary  for  his  test  procedure 
and  report  same  with  his  results. 


Method  of  Measuring  Hot  Corrosion  Attack 
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Hot  corrosion  (sulfidation)  in  gas  turbine  engines  has  become  a  major  problem  because  of  the 
increased  use  of  alloys  low  in  chromium  and  the  operation  in  environments  containing  alkali 
metal  salts,  especially  near  sea  water. 


Sulfur  can  enter  a  gas  turbine  from  the  fuel,  and  chloride  and  sulfate  salts  from  the  air. 
There  is  little  prospect  for  removal  of  these  contaminants  to  such  a  degree  as  to  eliminate  the 
problem.  However,  from  10  to  75%  of  sea  salt  can  be  removed  from  the-  air  intake  to  retard 
the  attack.  Data  on  tolerable  levels  of  contaminants  are  needed. 

Engine  testing  is  still  the  only  reliable  evaluation  method  to  check  improvements  in  the  hot 
corrosion  resistance  of  materials.  Reproducibility  in  test  results  from  test  rigs  in  different 
laboratories  is  very  poor,  and  further  effort  toward  test  rig  standardisation,  correlation  of  the 
data  between  different  tests,  and  interpolation  of  tests  results  and  extension  to  different  test¬ 
ing  conditions,  all  are  needed. 

Specific  recommendations  for  attacking  the  hot  corrosion  problem  arc  detailed  in  the 
report. 
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THE  NATIONAL  ACADEMY  OF  SCIENCES  is  a  private,  honorary  organization  of 
more  than  700  scientists  and  engineers  elected  on  the  basis  of  outstanding  contributions 
to  knowledge.  Established  by  a  Congressional  Act  of  Incorporation  signed  by  Abraham 
Lincoln  on  March  3,  1863,  and  supported  by  private  and  public  funds,  the  Academy 
works  to  further  science  and  its  use  for  the  general  welfare  by  bringing  together  the 
most  qualified  individuals  to  deal  with  scientific  and  technological  problems  of  broad 
significance. 

Under  the  terms  of  its  Congressional  charter,  the  Academy  is  also  called  upon  to 
act  as  official — yet  independent — advisor  to  the  Federal  Government  in  any  matter  cf 
science  and  technology.  This  provision  accounts  fo>-  the  close  ties  that  have  always 
existed  between  the  Academy  and  the  Government,  although  the  Academy  is  not  a 
governmental  agency  and  its  activities  are  not  limited  to  those  on  behalf  of  the 
Government. 

THE  NATIONAL  ACADEMY  OF  ENGINEERING  was  established  on  December  5, 
1964.  On  that  date  the  Council  of  the  National  Academy  of  Sciences,  under  the 
authority  of  its  Act  of  Incorporation,  adopted  Articles  of  Organization  bringing  the 
National  Academy  of  Engineering  into  being,  independent  and  autonomous  in  its 
organization  and  the  election  of  its  members,  and  closely  coordinated  with  the  National 
Academy  of  Sciences  in  its  advisory  activities.  The  two  Academies  join  in  the  further¬ 
ance  of  science  and  engineering  and  share  the  responsibility  of  advising  the  Federal 
Government,  upon  request,  on  any  subject  of  science  or  technology. 

THE  NATIONAL  RESEARCH  COUNCIL  was  organized  as  an  agency  of  the  National 
Academy  of  Sciences  in  1916,  at  the  request  of  President  Wilson,  to  enable  the  broad 
community  of  U.  S.  scientists  and  engineers  to  associate  their  efforts  with  the  limited 
membership  of  the  Academy  in  service  to  science  and  the  nation.  Its  members,  who 
receive  their  appointments  from  the  President  of  the  National  Academy  of  Sciences, 
are  drawn  from  academic,  industrial  and  governmental  organizations  throughout  the 
country.  The  National  Research  Council  serves  both  Academies  in  the  discharge  of 
their  responsibilities. 

Supported  by  private  and  public  contributions,  grants,  and  contracts,  and  voluntary 
contributions  of  time  and  effort  by  several  thousand  of  the  nation’s  leading  scientists 
and  engineers,  the  Academies  and  their  Research  Council  thus  work  to  serve  the 
national  interest,  to  foster  the  sound  development  of  science  and  engineering,  and  to 
promote  their  effective  application  for  the  benefit  of  society. 

THE  DIVISION  OF  ENGINEERING  is  one  of  the  eight  major  Divisions  into  which 
the  National  Research  Council  is  organized  for  the  conduct  of  its  work.  Its  membership 
includes  representatives  of  the  nation’s  leading  technical  societies  as  well  as  a  number 
of  members-at-large.  Its  Chairman  is  appointed  by  the  Council  of  the  Academy  of 
Sciences  upon  nomination  by  the  Council  of  the  Academy  of  Engineering. 

THE  NATJUN AL  YUTERMI.S  ’ll  VlhUKT  tAlAJtL  in  j  unit  nT  ihe  nitEtlrtt  ,T  Riu'iV 
neering  of  the  National  Research  Council.  Organized  in  1951  as  the  Metallurgical 
Advisory  Board,  through  a  series  of  changes  and  expansion  of  scope,  it  became  the 
Materials  Advisory  Board  and,  in  January  1969,  the  National  Materials  Advisory 
Board.  In  consonance  with  the  scope  of  the  two  Academies,  the  general  purpose  of  the 
Board  is  the  advancement  of  materials  science  and  engineering,  in  the  national  interest. 
The  Board  fulfills  its  purpose  by:  providing  advice  and  assistance,  on  request,  to  gov¬ 
ernment.  agencies  and  to  private  organizations  on  matteis  of  materials  science  and 
technology  affecting  the  national  interest;  focusing  attention  on  the  materials  aspects 
of  national  problems  and  opportunities,  both  technical  and  nontechnical  in  nature,  and 
making  appropriate  recommendations  as  to  the  solution  of  such  problems  and  the 
i  btiit  cK^unijviUr  t-  wul  miWJ  'uuiti  *  Mw 

rials  problems  of  a  national  scope,  recommending  approaches  to  the  solution  of  these 
problems,  and  providing  continuing  guidance  in  the  implementation  of  resulting 
activities;  identifying  problems  in  the  interactions  of  materials  disciplines  with  other 
technical  functions,  and  defining  approaches  for  the  effective  utilization  of  materials 
technologies;  cooperating  in  the  development  of  advanced  educational  concepts  and 
approaches  in  the  materials  disciplines;  communicating  and  disseminating  information 
on  Board  activities  and  related  national  concerns:  promoting  cooperation  with  and 
among  the  materials-related  professional  societies;  maintaining  an  awareness  of 
trends  and  significant  advances  in  materials  technology,  in  order  to  call  attention  to  op¬ 
portunities  and  possible  roadblocks,  and  their  implications  for  other  fields,  and  recog¬ 
nizing  and  promoting  the  development  and  application  of  advanced  concepts  in  materials 
and  materials  processes. 


